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ABSTRACT 
Mechanical properties of biological tissue are involved in a wide range of modern 
advances of medical science and technology. The mechanical property of biological 
tissue is directly related to the functionalities of tissue or organ, hence the in-depth 
knowledge of tissue mechanical property could lead to many benefits in medical 
research and health care. In clinical practice, accurate estimation of tissue mechanical 
property may facilitate to predict any possible pathological alterations, or to propose 
artificial intervention approaches.  
With the purpose of a quantitative, directly visualized estimation of biological tissue 
mechanical property, numerous research works in elastography have been conducted 
and had been successfully applied to countless clinical applications. Elastography 
techniques had been always rooted in medical imaging technique, classified into a 
range of scales, based on their imaging depth and resolution performance. In the scale 
of tissue micro structure, elastography is still a relatively new field, enabled by the 
recent advances in high-resolution medical imaging techniques e.g. high-frequency 
ultrasound imaging and Optical Coherence Tomography (OCT). The quantitative 
elastography technique based on OCT, known as quantitative optical coherence 
elastography (OCE) is a new research field, promising high-resolution quantitative 
elastography information with minimal contact that is not achievable by other imaging 
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modalities. 
The aim of the thesis is to develop a multiple-functional OCT system to image the 
microstructure of biological tissue, meanwhile quantify localised mechanical property 
in the region of interest, and further apply it for pre-clinical research applications. 
Starting from the numerical model of mechanical waves, the behaviours of shear 
waves and surface waves in biological tissue is studied. Contact mechanical 
stimulations, as well as non-contact ultrasound and pulsed lasers are utilised to 
generate transient waves in biological samples. High speed shear wave imaging 
technique is developed and optimized based on a Phase-sensitive OCT (PhS-OCT) 
system to capture the transient wave propagation in samples, and the inversion 
algorithm for mapping localized shear modulus is proposed. The experimental results 
indicated that the Shear Wave Imaging OCT (SWI-OCT) technique is capable to 
provide abundant temporal and spatial resolution to capture the shear waves in tissue-
mimicking phantoms and in vivo biological samples. Quantitative elastography results 
were obtained from mouse skin and cornea samples, suggesting potential diagnostic 
and therapeutic clinical applications.   
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1.INTRODUCTION 
Mechanical force and biological tissue mechanical properties play a significant role in 
many vital activities[1]. Mechanical properties are involved in all scales of biological 
development, organisation and function, starting from cellular level, to organ level and 
whole body level. Furthermore, pathological changes in the tissue micro-structure such 
as tumour invasion will lead to different biomechanical properties in tissue. A 
comprehensive and accurate estimation of tissue mechanical property could assist 
clinical diagnosis and even help in the planning of surgical procedures[2]. 
For the purpose of measuring biomechanics in different scale levels, many methods 
have been developed, to detect biomechanical properties as indicators of tissue status 
and disease. For centuries, physicians have routinely used palpation as a qualitative 
method to detect pathological changes. Combined with all forms of medical imaging 
devices, elastography techniques were developed to investigate and quantitatively 
measure the mechanical properties in biological tissue. Elastography technologies 
experienced intense developments during the last several decades, especially 
tomographic ones such as Computed Tomography (CT), Magnetic Resonance Imaging 
(MRI), and ultrasound imaging due to their abilities of generating direct visualisation 
of sectional or volumetric images. In recent years, dynamic elastography has gained 
remarkable research interest, with its benefits of quantitative nature. 
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However, current elastography techniques are still far from ideal. The resolution of all 
the aforementioned elastography techniques is still insufficient to provide elasticity 
mapping images of tissue micro-structure level. In many diagnostic applications such 
as scleroderma and keratoconus, a quantitative mapping of tissue elasticity with high 
spatial resolution would be capable of providing lateral comparison, for a more 
subjective diagnosis. It is crucial to develop an imaging technique that can provide 
high-resolution quantitative elastography information with minimal contact. 
For measurement of biomechanical properties at tissue and cellular levels, optical 
coherence tomography (OCT) and microscopic based elastography techniques are 
most promising because of their micron to nanometer imaging resolution, and up to 
millimeter-scale penetration depth, among all the biomedical imaging modalities. 
While OCT has many successful applications in structural imaging in ophthalmology, 
cardiology and dermatology etc., the report of using OCT as an elastography tool, 
especially as quantitative elastography technique, is very limited. The major difficulty 
of using OCT for dynamic elastography is that the imaging speed is not sufficient to 
track the transient mechanical response inside specimen. Microscopic based 
elastography is analogue to traditional mechanical test approach, which is not 
discussed in this study. 
The goal of this thesis is to overcome the performance limitations, to establish dynamic 
elastography techniques based on optical coherence tomography, and to investigate 
their applications on measuring biomechanical properties at micro tissue structure 
level. 
1.1. Objectives 
The overall aim of this research is to design and develop a pre-clinical prototype 
Optical Coherence Elastography (OCE) device, based on PhS-OCT and shear wave 
elastography, capable to allow rapid functional characterization of soft tissue 
mimicking phantom, ex vivo and in vivo cornea and skin tissue. Within the framework 
of this research, several objectives are defined and corresponding research conducted: 
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I. To design and fabricate the PhS-OCT system to meet the requirements of high-
speed shear wave imaging (SWI). 
Using the Doppler effect of laser interference, PhS-OCT is able to provide high-
sensitivity, depth-resolved motion detection. Based on the precise synchronization 
between OCT and mechanical wave source, repeated acquisition can replace the 
necessity of parallel system, to achieve adequate equivalent frame rate performance. 
The hardware and software of OCT system needs to be modified and the scanning 
protocol needs to be tested. 
II. Investigate the quality and robustness of OCT-SWI data, and carry out a study 
on the optimization of wave field data. 
Similar to all other imaging modalities, certain imaging noise, aberration and artefacts 
could contaminate the OCT-SWI data, and consequently degrade the elastography 
results. Investigations are required to suppress these error and improve the SWI data 
quality. 
III. Consider and test the wave launching technique according to the requirements 
for different applications. 
Both the applicability of SW-OCE for specific applications and the wave propagation 
data quality is dependent on the mechanical wave launching technique. A range of 
wave generation techniques of both contact and non-contact scheme are proposed and 
tested, and the feasibility of each type of wave launching technique is demonstrated. 
IV. Develop and optimise an elastic modulus recovery algorithm. 
To develop a proper methodology for OCT-SWI data to quantify localized elastic 
modulus and generate 2D mapping, which is, in nature a method for recovering shear 
wave velocity from wave propagation data. The method needs to be applied to the 
conditions as close to clinical application as possible to examine the quantitative 
reliability. 
Introduction 
Page | 4 
 
V. Perform pre-clinical studies to assess the feasibility of the proposed device such 
that the concept and design of this technique can be confirmed. 
Taking a further step from phantom experiments, in vivo tissues are measured for SW-
OCE to reconstruct elastic modulus map, and provide a micron-level OCT structural 
image simultaneously to show the ability of the proposed system for evaluating the 
elasticity of heterogeneous tissue in pre-clinical applications. 
1.2. Thesis Outline 
Chapter 2, Technical Background serves as the background overview of the thesis. An 
introductory overview of tissue biomechanics and measurement of tissue 
biomechanics is necessary to understand the motivations of dynamic elastography 
study. More specifically, the biomechanics measurement of cornea and skin tissue are 
considered under the scope of the first phase of dynamic OCE development, hence the 
previous work on accessing the mechanical properties of these two type of tissue have 
been reviewed, and the results were discussed, meanwhile deriving the motivation of 
developing dynamic OCE.  
An introduction of two relevant techniques in this study is also given in this chapter: 
Elastography and OCT, including the background theory, implementation method and 
relevant clinical applications. Starting from the existing elastography techniques and 
instruments, the benefits of dynamic elastography are depicted, and the superior 
imaging and motion detection performance of OCT are compared, leading to the 
proposal of dynamic OCE. 
Chapter 3, Transient Mechanical Waves Theory and Modelling presents an overview 
of the theoretical analysis of transient wave motion in soft tissue. The different wave 
modes and their superposition are introduced, including longitudinal wave, shear wave, 
surface waves and Lamb waves, as well as a review of their applications in the field of 
biomedical engineering. The comprehensive understanding of different wave 
behaviours is aimed at providing the fundamental principles of dynamic elastography: 
the inversion solution of elastic modulus from wave velocity. Finite element method 
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(FEM) is utilized to simulate the generation and propagation of transient mechanical 
waves in biological tissue, as the feasibility study of dynamic OCE. Results of the 
contact induced wave and pulsed laser generated waves are given, working as a 
prediction and guidelines for the upcoming instrument designing and experimental 
procedures. 
Chapter 4, Shear Wave Imaging Technique Using PhS-OCT presents the design and 
construction of a PhS-OCT system, according to the requirements for OCT shear wave 
imaging, along with the essential techniques developed for producing and optimizing 
the wave field images. This chapter provides a novel solution to capture the 
propagation of transient waves inside target OCT samples, with both high spatial 
resolution and high imaging frame rate, which is a necessary route for obtaining the 
elastography result with dynamic OCE. A significant contribution in this chapter is the 
analysis of the source of imaging artefact and the algorithm for compensating the 
artefact. A technique for improving the signal-to-noise ratio in SWI results using coded 
wave excitation is also proposed. The outcome of this chapter is a technique to obtain 
high quality SWI images for OCE reconstruction as described in the subsequent 
chapter. 
Chapter 5, Shear Wave OCE and Applications presents the OCE experiments carried 
on tissue-mimicking phantoms and then tissue in ex vivo, or in vivo conditions. The 
shear wave velocity recovery algorithm was firstly introduced, and then applied to the 
SWI results from the above experiments. Different techniques of wave generation have 
been tested, including the contact mechanical stimulation, acoustic radiation force 
impulse, and pulsed laser. Each experimental setup was described, and the shear wave 
imaging results in these experiments were presented, followed by wave velocity map 
reconstruction. Direct visualization of the tissue shear modulus is provided and 
compared from these experiments. The effectiveness of the proposed dynamic OCE 
method has been demonstrated. 
A summary of the findings and recommendations for future work conclude the thesis 
in Chapter 6. Further information related to this work, such as data processing codes, 
datasheets and technical drawings, can be found in the appendices.  
Introduction 
Page | 6 
 
  
1.3. Publication Arising from this Work 
Peer-reviewed journal papers 
J-1. Shaozhen Song, Zhihong Huang, and Ruikang K. Wang. ‘Tracking mechanical 
wave propagation within tissue using phase-sensitive optical coherence 
tomography: Motion artefact and its compensation.’ Journal of biomedical 
optics 18.12 (2013): 121505-121505 
J-2. Shaozhen Song, Zhihong Huang, Thu-Mai Nguyen, Emily Y Wong, Bastien 
Arnal, Matthew O’Donnell, and Ruikang K Wang, ‘Shear Modulus Imaging by 
Direct Visualization of Propagating Shear Waves with Phase-Sensitive Optical 
Coherence Tomography’, Journal of biomedical optics, 18 (2013), 121509-09. 
J-3. Thu-Mai Nguyen*, Shaozhen Song*, Bastien Arnal, Zhihong Huang, Matthew 
O’Donnell, and Ruikang K Wang, 'Visualizing Ultrasonically-Induced Shear 
Wave Propagation Using Phase-Sensitive Optical Coherence Tomography for 
Dynamic Elastography', Optics Letters, 39 (2014), 838-41. 
J-4. Thu-Mai Nguyen*, Shaozhen Song*, Bastien Arnal, Emily Y Wong, Zhihong 
Huang, Ruikang K Wang, and Matthew O’Donnell, 'Shear Wave Pulse 
Compression for Dynamic Elastography Using Phase-Sensitive Optical 
Coherence Tomography', Journal of biomedical optics, 19 (2014), 016013-13. 
J-5. Chunhui Li, Shaozhen Song, Guangying Guan, Ruikang K. Wang, Zhihong 
Huang, ‘Frequency dependence of laser ultrasonic SAW phase velocities 
measurements.’ Ultrasonics 53.1 (2013): 191-195. 
J-6. Chunhui Li, Guangying Guan, Fan Zhang, Shaozhen Song, Ruikang K. Wang, 
Zhihong Huang, Ghulam Nabi, ‘Quantitative elasticity measurement of urinary 
bladder wall using laser-induced surface acoustic waves’, Biomedical Optics 
Introduction 
Page | 7 
 
Express, 5.12 (2014) 4329-4337. 
J-7. Thu-Mai Nguyen, Bastien Arnal, Shaozhen Song, Zhihong Huang, Ruikang K. 
Wang, Matthew O’Donnell, ‘Shear wave elastography using amplitude-
modulated acoustic radiation force and phase-sensitive optical coherence 
tomography’, Journal of Biomedical Optics, in review. 
J-8. Chunhui Li, Guangying Guan, Yuting Ling, Ying-Ting Hsu, Shaozhen Song, 
Jeffrey T.-J. Huang, Stephen Lang, Ruikang K. Wang, Zhihong Huang and 
Ghulam Nabi1, ‘Detection and characterisation of biopsy tissue using 
quantitative optical coherence elastogaphy (OCE) in men with suspected 
prostate cancer.’, Cancer Letters, in publish. 
Authors marked with asterisk contributed equally. In all of the published work, the 
author is responsible for OCT system modification and operation, experiment 
planning, data processing and analysis. In articles [J-3] and [J-4] the ultrasound 
stimulation planning and ultrasound data processing are performed by collaborator, 
Dr. Nguyen. Projects described in [J-5],[J-6] and [J-8] are carried out at University of 
Dundee. 
Conference oral presentations 
C-1. Shaozhen Song, Zhihong Huang, Thu-Mai Nguyen, Emily Y Wong, Bastien 
Arnal, Matthew O'Donnell, and Ruikang K Wang, 'Shear Wave Elastography 
Using Phase Sensitive Optical Coherence Tomography', in SPIE BiOS 
(International Society for Optics and Photonics, 2014), pp. 89340U-40U-6. 
C-2. Shaozhen Song, Zhihong Huang, and Ruikang K Wang, 'Assessing Cross-
Sectional Elasticity Map by Dynamic Imaging Acoustic Waves with Phase 
Sensitive Optical Coherence Tomography', in Ultrasonics Symposium (IUS), 
2013 IEEE International (IEEE, 2013), pp. 1166-69. 
C-3. Shaozhen Song; Zhihong Huang; Thu-Mai Nguyen; Emily Y. Wong; Bastien 
Introduction 
Page | 8 
 
Arnal; Matthew O'Donnell; Ruikang K. Wang, ‘Shear wave elastography using 
phase sensitive optical coherence tomography’, Proc. SPIE Vol.8934, 
10.1117/12.2040033 
C-4. Shaozhen Song, Nhan Minh Le, Zhihong Huang, Ruikang K. Wang, ‘High 
speed imaging of remotely induced shear waves using phase-sensitive optical 
coherence tomography’ SPIE BiOS (International Society for Optics and 
Photonics, 2015) 9312-51 
C-5. Shaozhen Song, Nhan Minh Le, Zhihong Huang, Ruikang K. Wang, 
‘Quantitative shear wave optical coherence elastography(SW-OCE) with 
acoustic radiation force impulses(ARFI) induced by phase array transducer’ 
SPIE BiOS (International Society for Optics and Photonics, 2015) 9327-29 
C-6. Thu-Mai Nguyen, Shaozhen Song, Bastien Arnal, Zhihong Huang, Matthew 
O’Donnell, and Ruikang K. Wang ‘Amplitude-modulated ultrasound radiation 
force combined with phase-sensitive optical coherence tomography for shear 
wave elastography’, SPIE BiOS (International Society for Optics and Photonics, 
2015) 9327-4 
Conference poster presentations 
P-1. Shaozhen Song, Joyce Joy, Zhihong Huang, Ruikang K. Wang, ’Mapping 
tissue shear modulus on Thiel soft-embalmed mouse skin with shear wave 
optical coherence elastography’ SPIE BiOS (International Society for Optics 
and Photonics, 2015) 9327-33 
  
Technical Background 
Page | 9 
 
 
2.TECHNICAL BACKGROUND 
2.1. Introduction 
This chapter is an introduction to the basic concepts, principles and existing 
elastography techniques.  
In this chapter: 
 Cornea and skin tissue biomechanics introduction 
The previous work on accessing the mechanical properties of these two types of 
tissue have been reviewed, and the results were discussed, meanwhile deriving the 
motivation of developing dynamic OCE.  
 Technical background of relevant techniques: 
Elastography and OCT, including the background theory, implementation method 
and relevant clinical applications are reviewed. Starting from existing elastography 
techniques and instruments, the benefits of dynamic elastography are depicted, and 
the superior imaging and motion detection performance of OCT are presented, 
leading to the proposal of dynamic OCE. 
Technical Background 
Page | 10 
 
 
2.2. Tissue Biomechanics 
Biomechanics is mechanics applied to biology, or the study of motion or equilibrium 
of biological materials and forces that cause such motion or equilibrium [1]. 
Biomechanics has been a historical research topic since the Greek classic On the Parts 
of Animals by Aristotle (384-322 B.C.), which provided a comprehensive description 
of the anatomic mechanism of internal organs. Modern biomechanics is rapidly 
developing by receiving impetus from engineering, enabling measurements and 
analysis of biomechanics on atoms, molecules, cells, tissues, organs and individual 
organisms.   
Biomechanics has participated in a broad range of modern advance of medical science 
and technology. For an organism, biomechanics helps us to understand the 
functionalities of tissue or organ, to predict some possible changes with specific 
alterations, and to propose artificial intervention approaches. Morden medical science 
including diagnosis, surgery, and prosthesis are closely associated with biomechanics. 
For instance, biomechanics has helped in solving clinical problems in the 
cardiovascular system with the invention and analysis of prosthetic heart valves, heart 
assist devices, extracorporeal circulation, the heart-lung machines and the hemo-
dialysis machines. It plays a major role in advancing the art of heart transplantation 
and artificial heart replacement. In the long term, the methodology of biomechanics 
will be adopted to deal with many complex problems of health science and technology.  
The topic of this dissertation, the measurement of tissue mechanical properties is a 
fundamental subject of biomechanics. A comprehensive mechanical model relies on 
the correct understanding of mechanical properties, which helps us to understand many 
biological processes, for example the development of engineered smooth muscle tissue 
can be regulated by the cyclic mechanical strain[3]. 
Furthermore, the alteration of mechanical properties with the change of tissue 
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condition is commonly observed in tissue pathologies, such as in skin disorders and 
tumours. Thus, assessing tissue mechanical properties is useful in improving our 
understanding of tissue patio-physiology, which will aid medical diagnosis and 
treatment of a range of disease including cancer. 
In bio-solid mechanics, we adopt the methodology and standards of classical 
mechanics to study the function of biological tissues and organs while attempting to 
account for their biological nature wherever possible. In the human body, there are 
many soft (artery, skin, muscle, etc.) and hard tissues (bone, trachea etc.), each 
associated with distinct mechanical behaviour. There are many facets to mechanical 
“behaviour”, since biological tissue acts very different for each tissue type. Figure 2-1 
compares the elastic curves between a common engineering material, steel and some 
biological tissues. In soft tissues, important parameters of mechanical properties 
include elasticity (Young’s modulus), Poisson ratio and density. The Poisson’s ratio 
and density do not vary much, as it is usually in the range of 0.490 to 0.499 as 
biological soft tissues are usually hardly compressible, and the corresponding values 
of density are 920 to 1060 kg/m3 [4]. 
 
Figure 2-1 A comparison of stress-strain curve for steel and various biological 
tissue 
Young’s modulus describes the strain response to a stress, as the ratio of stress and 
strain. As shown in Figure 2-1, as a typical soft tissue, when a piece of tissue is 
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subjected to a force, the strain increases rapidly, and linearly below a proportional limit. 
In this small strain situation, the tissue is in relaxed state, where the Young’s Modulus 
represents the elasticity of tissue. Once the strain rises above the proportional limit, 
more and more collagen and fibre structure becomes tighten, and starts to contribute 
to the elastic modulus. Hence the stress-strain response becomes non-linear. Due to 
the anisotropic nature of fibre distribution in soft tissue, the Poisson’s ratio is not 
accepted to describe the directional response of anisotropic tissue, e.g. cornea. In this 
study, the Poisson’s ratio is approximated as 0.49, it is useful to notice that this value 
should not be used for deriving Young’s Modulus in in vivo experimental results. 
The effectively linear region of stress-strain curve is usually used to get the estimation 
of tissue elasticity when tissue is relaxed, with no mechanical load. However, in the 
case of cornea and skin, the tissue is substantially under mechanical load, either from 
the intraocular pressure, or the skin tension. A more accurate mechanical properties 
estimation should be based on the given beyond the proportional limit in the stress-
strain curve. Tangent modulus is the slope of the stress-strain curve at any specified 
stress or strain. In this study, the aim of the development to shear wave optical 
coherence elastography (SW-OCE) technique is to provide Young’s Modulus values 
or shear modulus values. However, more strictly, the in vivo experiments with SW-
OCE approach can only provide the tangent modulus under the specific load. 
2.3. Measurements of tissue biomechanics 
As an imaging modality that is designed for imaging superficial tissue structures, OCT 
has the most successful application in ocular tissue and skin. In this dissertation, two 
tissue types are the main objects for the optical imaging techniques, namely skin and 
cornea. 
In the past two decades, the mechanical properties of the soft tissue, in particular the 
aforementioned two types of tissue have been studied extensively. 
2.3.1. Biomechanics of skin 
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Skin, as the largest organ of human body, is an important subject for measurements of 
biomechanics. Many complex physiological activities is dependent on skin 
functionalities: fluid homeostasis, immune surveillance, sensory detection, and 
thermoregulation. Much of the research on human skin has mainly focused on 
reconstruction, wound healing, transplantation, and manipulation. The study of skin 
functionalities is also extended to assess pharmacologic functions of a variety of toxins, 
prescription drugs, and cosmetic treatments[5].  
Biomechanical properties of skin are of great significance as they are directly 
responsible for the skin pathological status, structural integrity, cosmetics and aging. 
The active and passive functions of skin are regulated by cells and structures located 
within the layered architecture. With pathological changes or aging effect in human 
skin, the biomechanical properties will be altered for different layers or specific 
regions. The quantitative estimation or visualization of these changes are 
consequentially more important than subjective observations for diagnosis of skin 
conditions or for monitoring of therapeutic effects. 
A number of techniques have been used for measuring skin mechanical properties. 
Owing to the physiological relevance of direct mechanical testing, it is the most 
commonly employed method that directly measures the overall mechanical properties 
of skin in vitro. Single-axis tensile test method has long been used to observe the stress-
relaxation of mouse and human skin samples for exploring the role of elastin in the 
skin mechanical properties[6], as well as tangential traction method is used to 
determine the biomechanics of finger pad skin[7]. As skin tissue is easy accessible by 
medical devices, in vivo estimations are also carried out with various techniques. For 
example, ultrasound was used to determine skin thickness and mechanical properties 
in vivo [8]. A tangential traction method was used to determine the biomechanics of 
finger pad tissue in vivo [7]. Young’s modulus, initial stress, and index of non-
elasticity of skin were characterized using a mechanical model under suction [9]. 
However, among the large amount of studies in skin mechanical properties, there are 
limited references that provided quantitative skin elastic modulus results. The 
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visualized elastogram results in the investigations of skin elastic properties are further 
limited. A review of the literature published on the topic of skin mechanical properties 
is given in Table 2-1. In this table, the big variation of Young’s Modulus values are 
not only from the conditions when then measurements are performed, but also due to 
the quantitative measurement parameters variations. 
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Table 2-1 Measurement of skin mechanical properties, including skin elastograpy results from published literature 
References Skin Layer/Tissue Approach Quantitative value 
provided 
Value Density 
(kg/m3) 
Poisson’s 
ratio 
Mapping 
provided 
Resolution 
Sanders et al. [6]  Skin in general 
(various anatomical sites) 
Ex vivo axial 
mechanical 
load 
Young’s Modulus (E) 24-107 
kPa 
NA 0.5 No N/A 
Wang et al [7] Finger, palm Traction Young’s Modulus (E) 
Compression/shear test 
1.54-3.61 
MPa 
NA N/a No N/A 
Diridollou et al. [9, 10] Skin in general (forearm) Suction 
response 
Young’s Modulus (E) 153 kPa NA 0.5 No N/A 
Barel et al.[11]  Skin in general 
(various anatomical sites) 
Suction 
response 
Young’s Modulus (E) 130-260 
kPa 
NA 0.5 No N/A 
Childers et al. [12] Epidermis 
Dermis(forearm) 
Suction 
response 
Young’s Modulus (E) 2 MPa 
500 kPa 
1116 
1110 
0.3 
0.33 
No N/A 
Zhang et al. [13] Skin in general (back) Surface wave 
velocity 
Young’s Modulus (E) 526 kPa 1000 N/A No N/A 
Gennisson et al.[14]  Dermis,  
Subcutaneous Fat (forearm) 
Lamb wave 
velocity 
Young’s Modulus (E) 1.5 MPa  
5.0 kPa  
1100 
1100  
N/A 
N/A 
Ultrasound 
image only 
N/A 
Liang et al. [15] 
 
Epidermis, 
Dermis(forearm, palm) 
Surface wave 
velocity 
Young’s Modulus (E) 300 kPa  
150 kPa  
1020  
1020  
0.5  
0.5  
OCT image 
only 
N/A 
Kennedy et al[16] Epidermis, Dermis 
(fingertip) 
Dynamic 
vibration 
No N/A N/A N/A Yes 40 um 
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The quantitative measurement from published literatures varies in the measured 
parameter, and for the Young’s modulus measurements, the values are also scattered 
due to the nature and condition of the measured skin, such as: (a) Dermal collagen and 
elastic fibers network; (b) Extracellular matrix contents (c) External factors such as 
individuals’ age, gender, race, health and nutritional status, or even skin temperature. 
There are also a few studies using wave propagation methods to obtain localized 
mechanical property measurements[13]. Among those methods, transient wave 
elastography is the only method that provide both quantitative values and mapping 
results, nevertheless, transient elastography, especially the optical elastography 
technique is still under continuing development to achieve satisfactory performance 
for clinical applications. 
 
2.3.2. Biomechanics of cornea 
The cornea is the most important optical structure in the eye and responsible for 60% 
of its refractive power. Small alteration from its physiological state, such as 
irregularities in its shape and surface, induce aberrations and reduce the visual 
performance. Thereby the corneal shape is determined by its microstructure and 
biomechanical properties. Recent studies has also reported the effects of corneal 
mechanical properties on tonometry[17], given the fact that stiffness of cornea is a 
major parameter in maintaining the intraocular pressure (IOP). A better understanding 
of cornea stiffness benefits many ophthalmological procedures such as the 
determination of IOP, pathological diagnosis, and planning of surgical interventions. 
In the physiologic condition the stress-strain distribution in the cornea is equilibrated. 
However this equilibrium gets disturbed when corneal tissue is removed (LASIK, PRK) 
or material is added within the cornea (ICRS). Therefore corneal reshaping and hence 
the outcome of refractive surgeries depends to a large extend on the immediate 
biomechanical response of the cornea, but also on later ongoing wound healing 
Technical Background 
Page | 17 
 
effects[18, 19]. The structural equilibrium of the cornea gets also disturbed in certain 
pathologies, such as keratoconus, where the cornea suddenly becomes unstable and 
starts deforming non-uniformly[20]. This induces a high amount of aberrations 
resulting in a continuously degrading vision. What makes the estimation of corneal 
biomechanical property a promising assisting technique is that, the measurement 
results would provide valuable information for new treatments, such as femtosecond 
laser based transplant of cornea[21]. Furthermore, accurate estimation of corneal 
mechanical properties will also lead to a better control of the risks of abnormalities 
after refractive surgeries, or improve the accuracy in detecting corneal deformation 
disease[22]. 
In vitro cornea biomechanics measurements 
Most of the assessment of the cornea stress-strain response experiments are done in 
vitro, since it is the most direct measurement of the Young’s modulus. 
Strip extensionmetry is the most commonly performed assessment of corneal 
mechanical properties. In these measurements the enucleated eye is normally 
eviscerated and the central cornea were cut into small strips. The strips are 
subsequently placed in stress-strain extensiometer with the help of appropriate 
clamping[23]. With this technique, the general mechanical property of cornea were 
studied, including the viscoelastic behaviour[24] and non-linearty at high stresses [25]. 
A few limitation of uni-axial stress strain tests in corneal tissue are that 1) the cutting 
of cornea samples changed the stress distribution along the tissue compared to natural 
condition[18]; 2) Flattening of originally curved specimen induces tensile strain and 
compressive strains on opposite sides of cornea, and 3) approximations of uniform 
cornea thickness[26]. 
Whole eye inflation is another in vitro method for studying biomechanical properties 
of cornea. In this technique, the corneal expansion can be studied in its natural 
environment, which is in the surrounding with limbus and sclera. The inflation is 
normally achieved using a needle into the anterior chamber allowing to control the 
intraocular pressure (IOP)[27, 28]. The limitation of this estimation method is that the 
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expansion behaviour is a combination of cornea and sclera deformation, hence only 
approximations for the overall mechanical property is obtained. 
In vivo methods 
In vivo measurements are even more challenging. Due to the requirement for being 
non-invasive or minimally invasive, in vivo techniques typically assess the corneal 
mechanical property even more indirectly than in vitro techniques do. In vivo Eye 
inflation were performed by Pallikaris et al [29] in eye-surgery and measured the 
relation between infused volume and intraocular pressure. 
For non-invasive in vivo test, the Ocular Response Analyzer (ORA) has been the first 
FDA approved device to measure corneal biomechanics, which is based on air-puff 
stimulation and deviation sensor of corneal deformation. A few parameters can be 
estimated, such as corneal resistance factor (CRF)[30], corneal hysteresis (CH), and 
Corneal compensated IOP[31], etc. A systematic study of corneal thickness and age-
related mechanical property was carried out with ORA[32]. However, none of these 
results gives a localized visualization of corneal mechanical property distribution, nor 
is the quantitative modulus obtained. 
Corneal elasticity mapping 
Since a quantitative, accurate spatial assessment of the cornea mechanical property is 
crucial to a variety of ophthalmology procedures, the quantitative 3-D mapping of 
cornea elasticity, or its Young’s modulus, has attracted more and more research 
interests in the past few years.  
Similar to the elastography techniques in other human organs, the most widely adopted 
elasticity mapping technique is ultrasound. An elastography system was proposed by 
Hollman et al. to image the strain in porcine cornea[33]. The device proposed in this 
work measures the static compressional strain induced by a plate attached to cornea, 
hence the inversion of Young’s modulus would be a complex problem, which remains 
to be solved properly in order to achieve an accurate quantitative measurement for 
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clinical requirements. 
In comparison with static/quasi-static elastography, which only provide relative 
estimation of stiffness given the limited information of stress distribution, transient 
elastography is more promising to provide elastic modulus measurements. Surface 
wave method is one of the transient methods proposed to access the mechanical 
property in cornea[34]. The surface wave propagation velocity can be measured by the 
OCT at two fixed-distances on sample surface, and the wave dispersion behaviour is 
studied. The results of wave velocity were repeatable and convincing, and relative 
stiffness changes were observed at given locations.  
Recently, the technique of supersonic shear wave imaging (SSI) were introduced for 
corneal stiffness estimation. The first 2-D sectional image of cornea elasticity was 
given in [35]. In contrast to the Ocular Response Analyser (ORA), SSI scheme only 
applies very small motion amplitude to the cornea, using linear ultrasound array 
focused beam. The SSI technique captures the cornea transient response with very high 
frame rate, and the 2-dimentional wave propagation movie was analysed to extract the 
cornea stiffness map. Later in a follow up study[36], SSI was performed both ex vivo 
and in vivo on porcine cornea, and the results of cornea stiffness map was given in 2-
dimensional and 3-dimensional. The Young’s modulus increase of collagen cross-
linking treated area was concluded, with a spatial resolution of 200 microns. 
There are some unavoidable drawbacks and limitations of the existing ultrasound 
based corneal elasticity mapping techniques. Firstly, the coupling media that is 
required by ultrasound imaging is technically difficult to achieve, especially in clinical 
conditions. Secondly the ultrasound imaging ability is limited in resolution, which 
decreases the practicability for preoperative planning of ocular tissue refractive 
surgery. 
2.4. Elastography 
2.4.1. Physics of elastography 
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Biopsy is the standard invasive method for diagnosing and prognosing cancers. For 
instance, histo-pathological examination of a prostate specimen obtained by core 
needle biopsy has traditionally been considered the gold standard for prostate cancer 
evaluation. However, biopsy is a painful procedure with sampling errors and intra-and 
inter-observer variability results in over or under-estimation and its application is 
inefficient for serially repeated assessment of disease progression. 
As an assisting tool for diagnosis, cross-sectional imaging-based elastography 
techniques have become popular because of their added abilities for high-speed, high-
resolution measurements, morphological changes in disease, and assessment of 
biomechanical properties. It is feasible to distinguish between benign and malignant 
tissues by comparing their elasticity moduli. Elastography has been found to be helpful 
in detecting breast[37, 38] ,thyroid[39], prostate[40], and liver abnormalities[41].  
Elastography techniques can be classified as static methods and dynamic methods, 
based on their temporal characteristics of excitation[42]. In static methods, mechanical 
excitations are considered to be slow and tissue displacements are usually considered 
as indications of tissue biomechanical properties[43]. Dynamic methods rely on 
solving wave equations, which in their differential form are local in character[44]. 
Elastography techniques can also be classified as external and internal methods, based 
on their spatial characteristics of excitation. External excitation elastography methods 
often apply a stress to deform tissue from outside when imaging[43], while internal 
excitation elastography methods apply mechanical excitation directly into the region 
of interest in tissue. The radiation force of ultrasound is usually used as an internal 
excitation in elastography techniques[45].  
Resolution and penetration of elastography techniques depend on their imaging 
modalities. For instance, the typical resolution of ultrasound elastography is between 
125 and 200 µm[46], while resolution in MRI elastography is usually of millimetre 
scale[47]. The resolution and penetration of some imaging modalities are shown in 
Figure 2-2.  
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Figure 2-2 Comparison of various medical imaging modalities in terms of 
resolution and penetration depth 
2.4.2. Elastography with medical imaging devices 
Ultrasound elastography 
In quasi-static compression elastography, ultrasound signals are recorded before and 
after a controlled mechanical compression is applied to the tissue. Displacement 
between the two data sets is estimated by cross-correlation. Strain is then computed by 
measuring the spatial derivative of the displacement. Traditionally only axial strains 
are estimated and lateral and elevational motions are ignored.  
Compared to other elastography techniques, traditional ultrasound elastography 
generates displacement by hand rather than with the aid of additional hardware. Thus 
it has the advantage of easy implementation and low cost. However, the quality of the 
processed strain image is highly dependent on the accuracy of the displacement 
estimation. The factors degrading displacement estimation include electronic and 
quantization noise and lateral and elevational motions. Another major limiting factor 
is the non-stationary characteristic of compression, which makes the signal before and 
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after compression jointly non-stationary. In other words, the post-compression signal 
is not exactly the delayed version of the pre-compression signal due to the distortion 
of compression. Only when a small enough displacement is introduced to the tissue 
can the two signals be assumed jointly stationary, so that the distortion can be 
compensated. The traditional way of cross correlation is to fraction signals by window 
and then fit the pre- and post-compression signals locally. Both additional stretching 
of the pre-compressed signal[48] and adaptive stretching approach[49] improve the 
correlation results. Nevertheless, this quasi-static compression method for measuring 
a relative tissue stiffness have proven effective in many studies [2, 42, 50]. 
Acoustic radiation force is a phenomenon associated with the propagation of acoustic 
waves through a dissipative medium. ARFI imaging, first introduced by Nightingale 
et al.,[51] uses a series of high-intensity short-duration (0.03-0.4 ms)[52] ultrasound 
pushing beams to generate localized displacements (between 1 and 20 microns in soft 
tissue)[53] and these displacements are tracked by standard diagnostic ultrasound 
pulses of low pulse repetition frequencies (PRF) (3 to 12 kHz) using ultrasonic 
correlation-based methods. The tissue response to these forces is monitored both 
spatially and temporally. Images are taken of maximum tissue displacement through 
time, the time it takes for tissue to reach its peak displacement, and tissue recovery 
time to depict the tissue’s stiffness and shear modulus[45]. Sarvazyan et al. introduced 
Shear wave elasticity imaging (SWEI)[54] The modality uses radiation force to 
displace tissue and the speed of shear waves generated after force removal is monitored 
to characterize variations in tissue shear modulus. 
A single transducer on a diagnostic scanner is used both to generate the radiation force 
and to track the resulting displacements. The ARFI images are co-registered with B-
mode and colour Doppler images. Thus ARFI elastography has the advantages of 
portability and low operating costs compared with CT and MRI modalities. 
ARFI has been applied to artery characterization[45], colorectal tumour imaging[55], 
breast lesion detection[56], diagnosis of liver fibrosis, and guidance of radiofrequency 
(RF) ablation procedures for heart[57] and liver[58]. 
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Magnetic Resonance Elastography 
MRE is a phase-contrast based MRI technique for direct visualization and quantitative 
measurement of propagating mechanical shear waves in biologic tissue. The technique 
is used to obtain spatial maps and measurements of shear wave displacement patterns. 
Dynamic shear waves ranging from 50 to 1000 Hz are selected to generate 
displacement in tissue for the model in consideration of attenuation and resolution. 
The MRI provides an ability to detect the displacement, and resulting images with spin 
displacement information are processed to generate elasticity maps, which show local 
quantitative values of the shear modulus of tissues[59]. 
In addition to MRE, there are other investigations using MRI for tissue elasticity 
evaluation. One method is to employ a motion-encoded phase-contrast imaging 
sequence for spatial strain distribution estimation, based on which elastic modulus is 
calculated[60]. The vibration is introduced by a small quasi-static longitudinal stress 
occurring once every time that the imaging sequence is generated. Another technique 
is to apply saturation tags to tissue before static stress is introduced. The deformation 
information from the tags is then used for strain estimation, which in turn gives the 
elasticity modulus[61]. 
1  
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2.5. Optical coherence tomography 
2.5.1. Development and theory of OCT 
The first report of OCT application on biological tissue was introduced in 1988 by 
Fercher et al.[62], where low-coherence technique was first used for measuring the 
geometries of human eye. Before that, similar methods had been used in the related 
technologies of low-coherence interferometry (LCI)[63], optical coherence-domain 
reflectometry (OCDR)[64], and optical time-domain reflectometry (OTDR)[65]. LCI 
was used as an interferometric thickness gauge to measure variations in moving 
transparent films while OCDR and OTDR were used as 1-D optical evaluation tools 
to determine positions and magnitudes of reflection sites in fiber optic cables. OCT 
combined these interferometric techniques with broad-band near-infrared laser sources 
and a transverse scanning mechanism through a focusing lens to achieve two-
dimensional (2-D) cross-sectional or three-dimensional (3-D) imaging. High 
resolution, non-invasive and real-time processing are the main beneficial features of 
OCT. 
The principle of OCT is to depth-resolve optical scattering variations within a sample 
using optical interferometric techniques, in which the axial resolution is determined 
by the coherence length of the laser source while the transverse resolution is 
determined by the spot size of the incident beam. OCT is a non-invasive biomedical 
imaging modality and has been successfully applied in ophthalmology to image 
morphological changes in the retina[66]. This technology has also been investigated 
in other medical fields such as oncology, dermatology, cardiology, gastroenterology, 
neurosurgery, and developmental biology [67-71]. 
The early OCT studies mainly used time-domain OCT (TD-OCT) systems. A typical 
simplified interferometric setup is given in Figure 2-3.  
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Figure 2-3 A basic setup of time-domain OCT system 
 A low-coherence near-infrared light source is split into two arms, namely reference 
and sample arms, using a beam splitter. The beams that return from the reference and 
sample arms are combined to produce an interference signal which is detected using a 
photoelectric detector. Let UR be the optical field backscattered from the reference arm 
and US be the field from the sample arm. Then the intensity detected by the detector 
will be  
  
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where τ is the time delay between the two arms. The last term can be expressed as 
  * 0Re Re{( ) ( ) )} ( ) cos 2 )G( (R St t GU U         [2.2] 
G(τ) is the temporal coherence function and can be written as: 
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where ω0 is the central wavelength and Δω is the wavelength deviation. When a perfect 
reflector is placed at the sample,  Re ( )G  can be recognized as the point spread 
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function (PSF) or impulse response of the system, which is illustrated in Figure 2-4(b1), 
and the detected signal is the envelope of the convolution of the PSF and the reflector 
structure function (a 1-D Dirac delta function), as shown in Figure 2-4(b2). 
 
Figure 2-4 Illustration of simulated interferometry signal and image in a low-
coherence imaging system 
In time-domain OCT, as the reference arm mirror is moved, the path length h between 
the two arms is changed and hence the delay τ is changed. When there are multiple 
scatterers in the sample instead of a perfect reflector, the axial scan (A-scan) signal 
detected will resemble that in Figure 2-4. This signal can be seen as a convolution of 
the point spread function and the structural function in the sample. By scanning the 
sample beam transversely, a 2-D image can be formed. 
Fourier-domain OCT (SD-OCT) is an extension of time-domain OCT[72]. A typical 
type of SD-OCT is spectral-domain OCT (SD-OCT), as shown in Figure 2-5. Instead 
of the moving mirror, SD-OCT has a fixed mirror in the reference arm and a 
spectrometer as a detector. The structural information of the sample is obtained in the 
spatially encoded frequency components of the detected OCT signal and then 
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reconstructed by the fast Fourier transform. 
 
Figure 2-5 Typical SD-OCT(a) and SS-OCT(b) system setup 
Since there are no physically moving parts, an SD-OCT system has a much higher 
stability and acquisition speed than a TD-OCT system. Another type of SD-OCT is 
swept-source OCT (SS-OCT). In this technique, the spectral components are not 
encoded by spatial separation, but are encoded in time. The light source spectrum is 
either filtered or generated in single successive frequency steps[73, 74]. Due to the 
unique sweeping method, SS-OCT can achieve much faster acquisition speed than its 
counterparts, which can be as high as 370,000 A-scans per second[75]. 
2.5.1. Performance parameters of OCT 
Axial resolution is a very important specification for OCT imaging since high axial 
resolution is critical to differentiate structural features of cells and tissues. Axial 
resolution of an OCT system is determined by the central wavelength and wavelength 
bandwidth of the laser source. The coherence length of the source can be written as 
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where n is the refractive index of the sample, and λ0 and Δλ are the central wavelength 
and full width at half maximum (FWHM) bandwidth of Gaussian source spectrum, 
respectively. Normally the axial resolution is defined as half of the coherence length: 
 
2
00.44
2
c
a
l
R


 

  [2.5] 
Thus, for example, if an OCT system has a Ti-Sapphire laser source with central 
wavelength of 800 nm and FWHM bandwidth of 100 nm, theoretically, this system 
has an axial resolution of about 2.8 μm in air. 
The transverse resolution of OCT is determined by the objective lens in the sample 
arm and can be defined as the spot size of the sample beam, which can be written as 
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where 2w0 is the spot size diameter of the beam, f is the focal length of the sample arm 
objective lens, and D is the beam diameter incident onto the lens, and NAobj is the 
numerical aperture of the objective lens. However, there is a trade-off between the 
transverse resolution and depth of field b, since b can be written as 
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From equation 2.6, one can observe that if the transverse resolution is improved, the 
actual depth of field of the beam is decreased, which blurs the area outside the focusing 
depth in the image. This trade-off is intrinsic in OCT and microscopy in general, but 
may be improved by applying synthetic apertures[76]. 
Signal to noise ratio (SNR) is another important specification for OCT images. SNR 
of an OCT system can be defined as the ratio of the signal power generated by a 
perfectly reflecting mirror to the noise of the system. The dominating noise sources 
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are shot noise, excess intensity noise, and receiver noise. Shot noise comes from the 
sampling of the discrete ‘packets’ of photons, and is determined by the sensor. The 
excess intensity noise can be avoided by controlling the receiver sensitivity and laser 
source output energy. Receiver noise can either be calculated from manufacturer 
specifications or modelled as thermal noise. In the case of broad bandwidth light, the 
photocurrent noise has two terms: shot noise due to photocurrent variance and excess 
noise due to self-beating of broad-band light waves[77]. 
The axial imaging depth of an OCT system is an essential measure of imaging 
performance. In scattering tissue and other turbid media, the depth scan is limited 
primarily by optical scattering, and hence maximum reported imaging depths are 
between 1 and 3mm for a variety of tissues. Within this range, the maximum imaging 
depth of OCT systems depends on centre wavelength of light source utilized. The light 
source popularly used for current OCT systems are centred at 820 nm, 1060 nm or 
1310 nm. The first two are mostly used for human posterior eye imaging, because the 
absorption of water is relatively low which allows enough power to reach the retina. 
Whereas 1310 nm centre wavelength are used for imaging other tissues, including skin, 
brain tissue, coronary artery, etc. 1310 nm can provide deeper penetration depth into 
tissue as compared to 820 nm light source. We can choose different centre wavelength 
light sources based on specific applications. In this thesis, both 820 nm and 1310 nm 
OCT system have been developed and utilized. 
2.5.2. Phase sensitive OCT 
Motion detection has been of remarkable research interest in the development and 
application of OCT[78]. By analysing the Doppler effect of a moving particle on light 
frequency, Doppler OCT allows the quantification of optical scatterer speed and 
direction. The most frequently used Doppler OCT technique is blood flow speed 
measurement[79, 80]. Vasculature can be visualized and quantified by OCT using the 
effect of motion caused by blood flow on the backscattered light. Zhao et al. proposed 
the phase-resolved Doppler OCT (PRDOCT) method[81], in which by evaluating the 
phase difference between adjacent axial OCT scans (A-scan), PRDOCT greatly 
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improves the detection sensitivity for imaging the blood flow velocity by decoupling 
the spatial resolution and velocity sensitivity. The initial implementation of PRDOCT 
was based on Hilbert transform[81], in which the phase of the Doppler signal is 
determined through the analytic continuation of the measured interference signals by 
Hilbert transform. By this implementation, a minimum velocity sensitivity as low as 
100 μm/s with a resolution of 100 μm/s could be achieved. Moreover, by comparing 
the sequential A-scans at the same locations, the speckle modulations in the fringe 
signal cancel each other and will not affect the phase difference calculation. Doppler-
OCT has been used for more than a decade to provide contrast based on blood flow. 
Based on PRDOCT working principle, the function of OCT system can be extended 
to sensitive motion detection. In this thesis, PhS-OCT is utilized for capturing shear 
wave displacement field, and this technique is presented in detail in Chapter 4. 
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2.6. Optical coherence elastography 
Optical elastography methods are based on optical imaging techniques. Optical 
elastography is capable of providing biomechanical properties from tissue structure 
level, down to sub-cellular level[78]. This dissertation focuses on the development of 
optical coherence elastography, based on the in vivo imaging modality, and unique in 
the excitation method. A review of the existing optical coherence elastography 
techniques is given below. 
2.6.1. Static and quasi-static optical coherence elastography 
In compression OCE, a static or step-wise external mechanical load is applied between 
OCT acquisitions. A local axial strain εl is estimated by measuring the change in 
displacement, Δuz, over an axial depth range, Δz : 
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  [2.8] 
The elastogram can thus be reconstructed according to this local strain, as a relative 
measure of the inverse of elastic modulus, since the corresponding local stress is 
unknown. 
The first elastography technique based on OCT was reported in 1998[82]. The 
hardware and theory of operation of OCE were described and internal displacements 
indicating biomechanical properties of gelatine phantoms, pork meat and in vivo skin 
were shown by using 2-D cross-correlation speckle tracking algorithm. Since then, 
slow external mechanical excitation and static elastography based on speckle tracking 
methods (or cross-correlation algorithms in OCE) have been established for this 
technology[42]. The displacement sensitivity for this method was proportional to the 
axial resolution of the OCT system, which was usually several microns in tissues. The 
cross-correlation algorithms for OCE were then improved based on the scale of tissue 
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displacements. 
Similar to ultrasound elastography, a major factor that determines the strain 
measurement accuracy in quasi-static OCE is the displacement estimation 
technique[83]. Compared to speckle tracking method, phase-sensitive OCT features 
higher displacement sensitivity and spatial resolution[78]. A phase-sensitive optical 
coherence elastography method was introduced later in 2007 when SD-OCT systems 
were widely used, from which phases of complex OCT data were more stable than 
TD-OCT systems[84]. Deformations, strain rates, and strains of soft tissue were 
measured by this method in real time with a sensitivity at the nanometre scale. 
Analogously to ultrasound elastography, quasi-static compression is the most 
straightforward loading technique to implement, and also the most mature. Apart from 
the above mentioned early developments of quasi-static OCE, traditional OCE was 
used in many early studies [85-89]. In these studies, the elastogram quality was low 
due to the disadvantage of low resolution speckle tracking based on OCT intensity 
signal, which was employed to measure displacement. The adoption of phase-sensitive 
OCT detection methods in OCE has since improved elastogram quality [83, 90, 91]. 
2.6.2. Dynamic optical coherence elastography 
In the past two decades, dynamic elastography and transient elastography are attracting 
many applications, especially in biomedical optics field, with the advantage of feasible 
internal excitation, and revealing the absolute moduli values of tissue dynamic 
properties. The transient methods of MRI elastography[92, 93], ultrasound 
elastography[94] and OCE, has been proved efficient in reconstructing elastic modulus 
maps for a variety of tissue types. Based on the stimulation methods of dynamic OCE, 
the dynamic OCE methods can be classified into a few categories: Compression OCE, 
Surface Acoustic Wave OCE (SAW-OCE), Magnetomotive OCE (MM-OCE) and 
Shear wave OCE(SW-OCE). An illustration of the loading schemes and elasticity 
estimation methods of these dynamic OCE techniques is shown in Figure 2-6. 
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Compression OCE 
Adopting the same idea of quasi-static OCE, the dynamic compression OCE measures 
the vibration amplitude resulting from a sinusoidal external load, with a frequency 
range of 20-800 Hz. Also analogously to ultrasound elastography, a dynamic strain is 
calculated from the change in vibration amplitude gradient along the depth direction. 
A dynamic OCE method was reported in [95] extracting Young’s moduli from phase-
resolved displacement that was excited by piezoelectric rod actuator operating at 
100 Hz to kilohertz frequency. Adie et al.[96] proposed the OCE technique based on 
determining vibration amplitude from the analysis of dynamic interferometry caused 
by audio frequency tissue motion. This method provided relative stiffness map of in 
vivo tissue with a proper sample arm[97].  
 
 Figure 2-6 An illustration of loading schemes and elasticity estimation for three 
OCE techniques: Compression, SAW and magnetiomotive[78] 
Although promising, dynamic OCE relies on the vibration amplitude measurement, 
the calculation of elastic moduli maps must be based on the assumption of uniformly 
applied stress. The validity of this assumption throughout a heterogeneous sample has 
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recently been examined in some detail, along with the fidelity of elastograms in 
representing the true elastic properties [91]. For the samples with heterogeneous 
mechanical properties, for example containing inclusions, the stress distribution is no 
longer uniform, and the artifact in the strain elastogram caused by stress non-
uniformity will significantly decrease the reliability of the quantitative estimation of 
elastic properties, or the detection of inclusion boundary. In compressional ultrasound 
elastography and magnetic resonance elastography, it has been proposed to overcome 
the issue of non-uniformly distribution of stress load by posing elastography as an 
inverse problem[98]. Related inverse methods have also been proposed in OCE[99, 
100], but remain in the early stages of development. 
Amongst all the OCE techniques, compression OCE has demonstrated highest 
resolution in the produced elastograms. But the innate absence of a measurement of 
local stress precludes the direct measurement of absolute values of elastic modulus has 
limited its suitability for certain applications, especially for those involving 
longitudinal studies. Furthermore, the feasibility of accurately detecting vibration 
amplitude in presence of lateral scatterer motion needs to be investigated further[101]. 
SAW-OCE 
Transient OCE, on the other hand, lays emphasis on the propagation of dynamic 
mechanical waves. The surface wave methods can be classified as transient OCE 
methods. The common theoretical aspect of transient OCE is the mechanical wave 
propagation model, from which the inverse solution is derived, thus providing the 
physical parameters of the target specimen. As illustrated in Figure 2-6(b), a pulsed or 
burst load generates surface acoustic waves, which was then captured by OCT. The 
phase velocity of surface waves is analysed to inversely estimate the Young’s modulus 
of different layers [102-104]. 
The main attractions of SAW OCE are: the potential to measure tissue mechanical 
properties at depths beyond the OCT imaging limit[104]; its suitability for non-contact 
(air-pressure or photo-thermal) loading on delicate tissues such as the cornea[105, 106] 
and its potential to directly quantify the Young’s modulus in homogeneous tissues, 
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albeit with relatively low spatial resolution. An example of depth-resolved Young’s 
modulus was plotted in the subcutaneous fat below human dermis is shown in Figure 
2-7. The mechanical contrast was detected to the depth of 4mm, beyond the 
corresponding OCT image. 
 
Figure 2-7 OCT image of a human forearm skin with a hard nodule and the 
corresponding SAW-OCE elastogram[104] 
SAW OCE may ultimately be most useful for those applications requiring an absolute 
measurement of Young’s modulus when tissue heterogeneity is not an issue. One of 
the most promising applications may be to the cornea[105], however, many of the 
potential difficulties and key assumptions mentioned above have yet to be investigated. 
A drawback of SAW OCE is the order of magnitude lower lateral resolution (∼500 μm) 
in comparison to several techniques that achieve the OCT lateral resolution (∼10 μm). 
This limitation is imposed by the relatively long wavelength (>10 mm), which sets the 
minimum propagation distance necessary to detect the time delay and dispersion of the 
surface acoustic waves. A further limitation is that the minimum depth probed is 
determined by the maximum detectable frequency. 
Magnetomotive OCE 
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Magnetomotive OCE (MM-OCE) employs magnetic nanoparticles (MNPs) 
distributed in the tissue and actuated using an external magnetic field to produce 
localized, nanometre-scale tissue displacements. To determine the Young’s modulus, 
the tissue can be modelled as an under-damped harmonic oscillator and its dynamic 
response, induced by oscillating MNPs, detected with phase-sensitive OCT[107]. As 
the MNPs contribute negligible inertia compared with the tissue, the measured 
frequency response can be related directly to the Young’s modulus. The schematic 
drawing of an MM-OCE system is shown in Figure 2-6(c). 
An advantage of MM-OCE over other techniques is the ability to perform 
measurements in small samples, as the localized tissue loading avoids the geometrical 
constraints of external loading. Additionally, the low force applied in MM-OCE makes 
it suited to the measurement of very soft tissues that are unsuited to measurement by 
other OCE techniques. This is partially offset by the very small displacements that can 
be induced and the challenge of measuring them with high dynamic range. In addition, 
the requirements to disperse MNPs at relatively high concentrations throughout the 
tissue and to achieve a high magnetic field gradient in the tissue present challenges, 
particularly to in vivo applications. As alluded to above, it remains to be seen if MM-
OCE can provide image contrast between different tissues and disease states. To date, 
only point measurements have been presented, but MM-OCE imaging should be 
feasible. 
2.7. Conclusions 
Although different imaging and elastography techniques are available now, very 
limited research have been taken place in dermatology and ophthalmology 
applications to study the microstructure with mechanical property contrast in vivo. The 
most direct reason is a lack of ideal technique to provide high resolution depth-
resolved quantitative elasticity mapping of the layered structure of tissue. It would be 
of great significance to have the ability to monitor changes of mechanical properties 
in skin or cornea, providing clinicians with relevant data about the pathological 
alterations. 
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Compared with other imaging techniques, OCT has great advantages of high resolution 
structural imaging, with low cost, portable nature and a relatively acceptable imaging 
depth. It is also a non-contact method applicable in varies clinical environments. Based 
on OCT technique, OCE has become a hot topic in the past decade, while dynamic 
OCE is considered to be the most promising technique to provide quantitative 
elastography results. 
Taking the advantages of SW-OCE, this dissertation is devoted to develop an imaging 
tool to study the biomechanics with high resolution of corneal or skin structural image 
combined with quantitative elastography mapping of shear modulus. The developed 
methodology enabled the quantification of biomechanical properties of the soft tissue 
and holds promise to become a much used clinical tool in the future. 
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3. TRANSIENT MECHANICAL WAVES 
THEORY AND MODELLING 
3.1. Introduction 
Mechanical waves have been successfully used in a wide variety of seismology and 
industrial applications for geological prospecting[108, 109] or measuring the 
mechanical property of engineering structures[110]. In modern medical developments, 
transient mechanical waves have attracted increasing attention including quantitative 
elastography[111], mechanical properties estimation[112], and angiography status 
diagnosis[113]. 
The mechanical wave propagation is a problem of high complexity. The behaviour of 
mechanical waves highly depends on the carrier, e.g. the mechanical properties, the 
geometry and boundary conditions. Mechanical waves in biomedical application are 
much more complex than industrial applications, given that the tissue is a visco-elastic 
media with complicated boundary conditions e.g. blood vessels, muscle and inner 
tissue. It is an essential work to recognize the wave mode and further explore the 
corresponding physical theory which to be used in the application. 
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In this chapter: 
 Mechanical wave propagation behaviour in biological tissue is reviewed.  
With this theoretical basis, the characteristics of common transient waves used in 
biomedical tissue were studied, including longitudinal wave, shear wave, surface 
acoustic wave and Lamb wave. The comprehensive understanding of the 
characterizations including velocity, energy distribution, geometric spreading and 
dispersion serves as a theoretical basis and optimization guideline for developing 
a transient wave elastography system. 
 Finite element method (FEM) is utilized to simulate the generation and 
propagation of transient mechanical waves in biological tissue 
Based on the numerical models and finite element methods, the generation and 
propagation of transient mechanical waves are simulated for a variety of 
stimulation methods, including contact mechanical stimulation, ultrasonically 
induced pulse waves, and pulsed laser stimulation. The simulation results works as 
a feasibility test for transient wave elastography in micro-scale tissue, and provide 
a better understanding of transient mechanical waves, in order to facilitate the work 
in subsequent chapters. 
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3.2. Propagation of mechanical waves 
To obtain wave equations of mechanical waves in solid material, it is useful to suppose 
a particle in isotropic material and analyse the stress-strain relationship. In three 
dimensional Cartesian coordinate system, the equations of motion of this particle are 
given according to Newton second law and Hooke's law can be derived into the form 
below, using ξ, η and ζ to denote displacements of particle along x, y (lateral) and z 
(depth), respectively: 
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Where ∇2 and ∆ are the Laplacian and gradient form
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. Medium material parameters are ρ - the mass density of the body, 
λ and μ - Lame constants. 
We use s=ξi+ηj+ζk as the particle displacement vector, and v=vxi+vyj+vzk as the 
particle velocity vector, Eq.[3.1] can be expressed in terms of particle displacement: 
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Since the velocity v=ds/dt, wave equation can also be given in terms of particle 
velocity: 
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Based on Helmoltz theorem, a vector field can be decomposed into the gradient of a 
scalar field and the curl of vector field with zero divergence, thus, v in Eq.[3.3] can be 
substituted by v=∇Φ+∇×Ψ and ∇·Ψ=0, where Φ is scalar potential and 
Ψ=Ψxi+Ψyj+Ψzk is vector potential. Then separating scalar potential Φ from vector 
potential Ψ, two equations can be obtained from Eq.[3.3]:    
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The two equations describe plane waves that propagate in a specific direction with Φ 
describing longitudinal waves while Ψ describing shear wave. Eq.[3.3] can also be 
expressed as: 
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By solving Eq.[3.4] and Eq.[3.5], the phase velocities of longitude wave (CL) and shear 
wave (CS) are given by: 
 2 ) /( , /L SC C        [3.6] 
The particle motion and wave propagation pattern of longitudinal wave and shear wave 
are shown in Figure 3-1 
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Figure 3-1 Particle motion patterns of different mechanical waves (a) longitudinal 
wave (b) shear wave (c) surface wave (d) fundamental modes of Lamb wave 
Apart from longitudinal waves and shear waves known as bulk waves, there is another 
kind of wave that travels along the solid-vacuum interface (free surface). It is surface 
acoustic wave (SAW), which is also well known as Rayleigh wave. To obtain the 
potential function of SAW, a two dimensional plane containing x axis and z axis is 
taken into consideration for simplicity. Assuming the solution to equation set by: 
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  [3.7] 
It has the same phase term as that of longitudinal wave and shear wave. However, an 
additional real exponential term accounts for the rapid attenuation of SAW along x 
axis (depth of the body), which is a main characterization of SAW. In addition, SAW 
can be viewed as the combination of shear energy and longitudinal energy that 
propagate on the material surface, which makes the particle move in an elliptical 
trajectory. Substituting Eq.[3.7] into Eq.[3.5], the relationship between attenuation 
coefficient and wave vector can be obtained: 
 
2 2 2 2 2 2,R L R Sk k k k       [3.8] 
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Where kL, kS, kR are wave numbers of longitudinal wave, shear wave and SAW, 
respectively. With boundary conditions of zero stress at solid-vacuum interface, we 
can have that: 
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Then we can get: 
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The solution to the above Eq.[3.10] gives the Rayleigh equation: 
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By defining the conventional forms of g=CR/CS=kS /kR , q=CS/CL=kL /kS and combining 
Eq.[3.8], the above Rayleigh equation could be written as the following sextet equation: 
 
6 4 2 2 28 8(3 2 ) 16( 1) 0g g q g q        [3.12] 
Given Poisson's ratio υ, Eq.[3.12] can be numerically solved to get 
 R SC gC   [3.13] 
where g has an approximate expression of g≈(0.87+1.12v)/(1+v). Over the allowed 
range of v (0 < v < 0.5), the Rayleigh velocity CR thus varies from 0.87CS to 0.96CS, 
i.e. surface wave velocity is always slower than shear wave velocity. 
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Again, dealing with a boundary guided wave problem, Lamb wave is another case of 
sagittal wave that is usually considered to present in many biomedical applications. 
Lamb waves[114] are defined as the waves propagate along a thin plate, or similar 
structures like a thin wall pipe, and blood vessels. Mathematically, the problem for 
Lamb waves is rather more complicated than Rayleigh waves, the mathematical 
development is not stressed here, and rather we look at the simplest behaviour. 
A fundamental difference between Rayleigh waves on a free surface and Lamb waves 
in a plate is that in the latter case the plate thickness b acts as a finite length scale. 
Since Lamb wavelength λ is of the order of the plate thickness b, the Lamb wave are 
dispersive in nature, and lamb waves of different modes and orders usually coexist. As 
shown in Figure 3-1(d), fundamental symmetric mode (S0) and anti-symmetric mode 
(A0) are illustrated, which are the most basic Lamb wave modes. In many areas of 
physics, for example, ultrasound non-destructive test (NDT), it is normal to describe 
the dispersion by the phase velocity (Cph) curves as a function of f·b (product of 
frequency and medium thickness). Dispersion curves are measured over a frequency 
range and are compared with theoretical curves for carrying out mode identification in 
order to link the measurement to physical quantities. 
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3.3. Characterization of transient mechanical waves in biological 
tissue 
3.3.1. Longitudinal wave 
In longitudinal waves, the individual particles oscillate in a direction to the 
longitudinal axis of the solid, i.e. parallel to the direction of propagation of the acoustic 
wave as shown in Figure 3-1(a). As a kind of bulk wave, longitudinal wave travels 
within the body. Figure 3-2 shows a simulation result of the pulse stimulator generated 
longitudinal waves in a steel block. Longitudinal waves can be induced in solids, gas 
as well as liquids since the energy travels through the atomic structure by a series of 
compressions and expansion movements. The velocity of longitudinal waves (CL) is 
given by the expression, which is widely used in industry [115]: 
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where ρ is the density of the material and υ is the Poisson’s ratio of the material.  
Compare to shear wave and surface acoustic wave typical longitudinal waves have 
relatively higher speed (~5950m/s in steel, ~1480m/s in water and ~1550m/s in most 
of biological tissues [116]) and much broader frequency bandwidth (up to GHz in hard 
solid material and >100MHz in biological tissues [117]). The typical waveforms of 
longitudinal wave in steel and tissue mimicking agar phantom can be found in Figure 
3-3(a,c), respectively. Their corresponded frequency spectrums are shown in Figure 
3-3(b,d).  
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Figure 3-2 Numerical simulation results of pulse-stimulated mechanical waves.  
Colour brightness indicates the displacement amplitude. Model based on a finite 
difference method with the second-order temporal and fourth-order spatial 
approximations[118]. Material of the simulated media is a steel block with 
longitudinal wave velocity 5940 m/s, shear wave velocity 3220 m/s, density 
7800kg/m3. A pulse of 0.625μs is applied to the surface on 2.5mm from left edge. 
The time position of this wave field snapshot is 5μs after the pulse stimulation. 
In Figure 3-3, the waveforms of typical longitudinal wave are displayed. Longitudinal 
waves in both medal material and tissue mimicking material are fast-travelling waves. 
As shown in this figure, the recorded waves contains a broad-band ultrasound 
frequency, and the localized wave velocity is also difficult to estimate. 
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Figure 3-3 Typical longitudinal waveform and corresponded frequency spectrum 
of steel (a, b) and tissue mimicking agar phantom (c, d) 
3.3.2. Shear wave 
In elastic solids the other form of body wave is known as the shear wave, where 
particles oscillate in a direction perpendicular to the direction of propagation of the 
acoustic wave (Figure 3-1(b)). The shear wave is named because particles moves in a 
periodic manner as a consequence of a shear force, as shown in Figure 3-1(b). The 
numerical simulation of shear waves in a steel block can be found in Figure 3-2. Shear 
waves can only propagate effectively in solid materials and not in liquids or gases. The 
velocity of shear waves, CS within a solid material and is roughly half the longitudinal 
wave velocity and is given by the expression [119, 120]: 
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Here   stands for Poisson’s ratio. The shear wave speed is slower than longitudinal 
waves (~2 times slower in hard solids and hundreds times slower in biological tissue) 
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and a little faster than surface waves (~1.1 times of surface wave speed), e.g. the shear 
wave speed in steel as ~3240m/s in steel, ~20m/s in muscle and ~2m/s in liver. Shear 
waves generated by vibration has narrow frequency bandwidth, while the ones 
generated by pulse have wider frequency bandwidth (up to ~6MHz in metal and ~5-
20 kHz in biology tissues [121]). 
The shear wave is usually generated with a continuous wave (CW) stimulation, thus 
the frequency bandwidth would be very narrow which mainly represents the frequency 
of vibration source. On the other hand, if stimulated by a pulse source, the shear wave 
always couple with surface acoustic waves and have relatively broader frequency 
bandwidth. 
3.3.3. Surface acoustic wave (SAW) 
Most commonly used SAW is excited by impulse stimulation. An impulse SAW is 
normally bipolar, strong in amplitude, broadband in frequency, and propagates in the 
interface between a half-space and a rarefied medium. The best-known surface wave 
is called Rayleigh wave. On ideal homogeneous flat elastic solid the SAWs show no 
dispersion and travel at a constant velocity as described by Eq.[3.13]. SAW become 
dispersive if the material under test has elasticity properties that varies with depth. 
Thus, low frequency of SAW has a relatively long wavelength which can propagate 
deeper into the material, then represents the elasticity in substrate layer, while higher 
frequency waves have a much shorter wavelength represents the elasticity of upper 
layer. It is this characteristic which allows the use of Rayleigh waves for material 
characterization of thin layered materials as waves of different frequencies can be used 
for the characterization of different length scales [122, 123].  
 
0.87 1.12
1 2 (1 )
R S
E
C gC
 



 
 
  [3.16] 
Similar to shear wave, the speed of SAW is much slower than longitudinal waves and 
~0.9 times of shear wave, e.g. the shear wave speed in steel as ~3000m/s in steel. 
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SAWs have broad bandwidth of frequency (up to ~6MHz in metal and ~5-20 kHz in 
biology tissues) and different frequency components indicate the corresponding depth 
propagated into the sample surface. 
The typical impulse response SAW waveforms in steel, and agar phantom, can be 
observed in Figure 3-4 (a and c). Figure 3-4 (b and d) shows the corresponding 
frequency response. SAW signals have strong amplitude and can propagate very far 
from the stimulator. However, SAWs attenuate rapidly along depth of the body. The 
depth that Rayleigh waves are propagating is approximated to around one wavelength 
of SAW. In addition, there is research reported about the CW source generated SAW 
[124, 125]. However, CW generated SAW have no dispersion behaviour and have very 
limited frequency response. It is not commonly used and has limited applications. 
 
Figure 3-4 Typical surface waveform and corresponded frequency spectrum of 
steel (a, b) and tissue mimicking agar phantom (c, d) 
3.3.4. Lamb wave 
In biomedical application of Lamb waves, the waves are usually considered as low 
frequency (<2 kHz), and mainly contains A0 mode, because the Lamb waves are 
provided by acoustic radiation force in the thickness direction. Meaning that the 
approximation of only considering the fundamental A0 dispersion is effective[126]. 
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The A0 mode dispersion equation of a thin elastic plate in vacuum can approximated 
as an analytical formulation of phase velocity as function of the angular frequency ω, 
thickness b, and transverse wave(shear wave) velocity of plate[127]: 
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The A0 mode Lamb wave dispersion equation is also approximated for plates 
immersed in liquid, with a correctional factor of 1/ 2  [126]: 
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This fluid-loaded case of leaky Lamb wave is applied in many organs, e.g. cornea, skin 
layers, or arterial walls. This analytical dispersion equation is also validated by finite-
difference simulations and in vitro experiments[128]. 
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3.4. Simulation of transient waves in soft tissue 
In this section the computational steps for the simulation of the transient wave 
elastography are described, and the main properties of the shear wave and surface wave 
propagation in heterogeneous media are discussed. Since the longitudinal waves 
velocity is not applicable for estimating elastic properties, the relevant study on 
longitudinal waves are not presented here. The simulated results of the wave fields 
induced by different methods are presented, and the feasibility of using the propagation 
of transient mechanical waves are predicted. 
3.4.1. Finite element simulation 
Although there had been a good amount of work using transient wave, especially using 
shear waves for biological tissue elastography, to detect transient wave propagation 
with OCT is still a new research field. No report about the transient wave behaviour 
within OCT imaging range has been presented so far. This makes the simulation study 
a critical part in the development of transient wave OCE. There are multiple benefits 
to expect from simulation:  
1) Feasibility test of practical experiment to induce detectable transient wave. 
2) Observe the wave mode generated from different stimulation methods. 
3) Optimize wave generation scheme to achieve effective shear wave launching  
4) Provide guidance for experiment arrangements. 
The finite element method (FEM), also known as finite element analysis (FEA) for its 
practical application, is a numerical method to obtain approximate solutions by solving 
partial differential equations (PDE) and varieties of integral equations. For the steady 
state solutions, approaches are made by solving the differential equations completely, 
while other techniques involving approximations of ordinary differential equations 
Transient Mechanical Waves Theory and Modelling 
Page | 52 
 
(ODE) could be utilize to solve dynamic domain solutions. 
ABAQUS is a powerful interactive environment for modelling and solving all kinds 
of scientific and engineering problems. As an FEA software, the solution of the 
problems is based on partial different equations (PDEs) from the basis of the laws of 
science, which are the foundation for modelling a wide range of scientific and 
engineering phenomena. In this study, ABAQUS provided built-in physics interfaces 
and the advanced support for material properties and make it possible to build transient 
mechanical wave propagation models by defining the relevant physical quantities – 
such as material properties, loads, constraints, and energy sources. ABAQUS then 
compiles a set of equations representing the entire model. The general modelling 
procedures are described below. 
Problem definition 
Model definition is the first stage of the simulation preparations. The analysis field of 
the real-world structure is imported as a model to the software, after steps of 
simplification such as eliminating duplicates and symmetric modelling. The most 
efficient simplification is the decrease in the dimensions of the model, accompanied 
by the reduction of the degree of freedom. Then the figure and dimensions, with all 
degree of freedom considered should be fully defined in the modelling procedure. 
The parameters, including the relative properties of the model material and the 
information about the loads and restrictions are also vital to the simulation result. Most 
of the parameters are set as the boundary conditions and the initial conditions. 
Meshing is the procedure to divide the model into finite elements and generate the 
PDEs for the model. The mesh would define the nodes and the degrees of freedom for 
each node. Acting as the critical step of discretization, the mesh is a limiting factor of 
the accuracy of solving, hence a refined mesh is necessary to obtain satisfactory 
resolution of the simulation results in aware of specific interest. 
Solution 
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Before running the calculation, the solution type is must be defined, depending on the 
application area, there are time-dependent, eigenfrequency and stationary analysis etc. 
This will determine the solver that will be used in PDE-based solving. Solution control 
is required to be defined, such as the solver manager parameters, and non-linear 
settings. As the solution progressed, the convergence information of the variables that 
are solved is monitored. For a reliable solution, the rate of change of the variables will 
decrease rapidly. That means the solution has converged to a stable solution. 
Post-processing and visualization 
ABAQUS CAE provides numerous of visualization and post processing tools for 
analysing the results obtained from the model solver. There are a variety of formats to 
plot the figure, such as the contour plots, isosurface plots, streamline plots and surface 
plots. These plot types are available on pathline and cross-sections. With the 
expression post-process, user-defined variables, standard variables and logical or 
mathematical functions could be combined to generate the outcome. 
3.4.2. Simulation of mechanically induced waves 
Model definition 
A finite element model is created in ABAQUS CAE to simulate the transient 
mechanical waves generated by direct contact mechanical stimulation on the surface 
of a phantom. Some details of this model is given in Figure 3-5. For simplicity, the 
model is based on a symmetrical 2-dimensional configuration, since the mechanical 
waves generated by a linear shaped source are plane waves. In Figure 3-5 (c) another 
model with a cylindrical inclusion is shown, with the inclusion highlighted, at the 
centre of the region of interest. 
The transient wave source is a blade-shape shaker head, and modeled as a rigid body. 
The initial distance between the blade and phantom is set to 0.2mm, the temporal 
profile of shaker head displacement is defined accordingly, as shown in Figure 3-6, 
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two types of stimulation are defined, i.e. a pulse stimulation with duration of 0.2 ms, 
and 4 cycles tone-burst at 5 kHz.  
 
Figure 3-5 Model geometries and mesh for contact generation of transient waves 
 
Figure 3-6 Shaker head displacement profile in simulation model 
The mesh of a FEA model is critical to an efficient and accurate simulation. For the 
balance between field output accuracy and computational time, the New Mark Schema 
is applied to determine the element size and time increment in the simulation, 
according to the expected wavelength and frequency of the mechanical waves: 
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where t is the integration time and el  is the element length. The fmax refers to the 
highest frequency and λmin refers to the shortest wavelength. Based on the 
aforementioned principle, the maximum time increment is defined as 50 us, and 
element length in the region of interest is 50 um. The outer region in this model is used 
to avoid the reflected waves from model boundary, thus the mesh in this region is 
relatively coarser than the region closer to the source. 
Symmetrical boundary condition is defined on the left boundary of phantom. The 
bottom and right hand side boundary is considered as fixed. A total simulation time of 
2 ms was defined, as at the end of 2ms simulation time the mechanical waves have 
passed the region of interest, according to the model dimensions and wave velocity. 
As the wave propagation analysis is clearly a high-speed, dynamic problem, the 
ABAQUS/Explicit procedure is chosen. In the explicit procedure, ABAQUS 
determines the solution without iterating by explicitly advancing the kinematic state 
from previous increment, so that the stable time increment is small, and 
computationally cost-effective. 
The displacement field outputs inside the phantom region are requested for every 50 
us time increment. A python script is used to read the field output frames of the 
simulation results and convert to element node data records. Then the data is imported 
to MATLAB for visualization and analysis. 
Results 
The displacement amplitude (U), displacement vector in X axis (U1) and Y axis (U2) 
are exported in the field output. To simulate the displacement that is captured by PhS-
OCT, only the Y-axis components were processed and visualized, as shown in Figure 
3-7. 
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Figure 3-7 Simulation results of contact induced shear waves (a1-a5, b1-b5) burst 
excitation; (c1-c5) pulse excitation. 
In Figure 3-7(a1-a5), the Y-axis (axial direction) displacement field snapshots at five 
evenly-spaced time points were visualized. The displacement at each sampling point 
(grid size 50 um) is used for color coding the wave image, with a positive value 
indicating the motion upwards, to the “OCT imaging probe”. Since the relaxation of 
the sample takes more time than the simulated period, the bulk sample is “pushed” 
away from the shaker tip: the accumulated displacement shows a negative value after 
the shaking stimulation. In (a1-a5) images, the color map baseline is shifted, using red 
to stand for zero displacement, using middle tone to fit the wave displacement range 
for a clearer visualization of the wave field. 
In these wave propagation snapshots, the shear wave mode can be clearly observed, 
with the main energy distributed around the 45 degree angled line, which retains good 
correspondence to the theoretical model of the waves generated by a pulse stimulator 
on an infinite half-space solid[129]. In comparison with the simulated waves on a 
metal plate as shown in Figure 3-2, the compressional waves (P-waves) are not 
observed because the P-waves are many times faster (~1560 m/s) than the shear wave 
or surface waves in soft-tissue mimicking media. 
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Since the displacement detected by PhS-OCT is a temporal differential result between 
adjacent acquisitions, the shear wave imaging results provided by PhS-OCT will be 
the differential map of wave field snapshots (See Chapter 4.2 Phase sensitive OCT). 
The differential results obtained from adjacent wave field frames are given in Figure 
3-7(b1-b5), which presented an even clearer visualization of the wave fronts of shear 
waves in the cross-section. The differential displacement map of a 0.2 ms duration 
pulse stimulation is also illustrated in Figure 3-7(c1-c5). In this image some trace of 
shorter-wavelength, high frequency components can be observed close to the surface, 
with an active depth of about one wavelength. This is confirmed by the surface 
acoustic wave theory about the penetration depth of specific wavelength.  
As a homogenous sample, the shear wave velocity was calculated to be 4.87 m/s, 
indicating a good agreement with the input Young’s modulus according to Eq.[3.15] 
The simulated wave field displacement data for a further simulation with a cylindrical 
inclusion are displayed in Figure 3-8. Similar to the homogenous phantom model, the 
displacement snapshots are the differential results, as seen in Figure 3-8(b1-b4), in 
comparison with the same time instance in homogenous phantom model as Figure 
3-8(a1-a4). The dashed line in the wave snapshots are the indication of the boundary 
of the cylindrical inclusion. In Figure 3-8(b2), the first wave front of the shear waves 
has reached the inclusion. As a consequence of the change in shear wave velocity in 
the inclusion, the wave front shape has distorted, since the waves inside the inclusion 
travel faster than the waves outside in the background media. (b3) and (b4) further 
illustrated this phenomenon, showing the waves that passed through the inclusion 
propagated further than the waves that were not affected by the inclusion. 
Diffraction can also be observed in this simulation result, as the inclusion can be 
considered as an obstacle. Some of the shear waves has changed direction of 
propagation, and forming interfere with the waves that didn’t pass through the 
inclusion. Since the wave velocity difference between the inclusion and the 
background is small, the reflection waves present an amplitude that is too small to be 
visually observed on these images. The reflected waves can also interfere with the on-
ward propagating waves. However, the diffraction and interference of shear waves will 
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not alter local wave velocity. After proper processing, localized shear wave velocity 
can still be obtained, and used to estimate localized mechanical property. 
 
Figure 3-8 Simulated wave snapshots on a phantom with embedded inclusion 
Again, using the time-of-flight method, the wave velocity inside the inclusion are 
estimated as 7.01m/s, and the velocity of waves outside the inclusion in the 
background phantom are 4.92m/s. This is also in good agreement with the input 
parameters of 150 kPa and 75 kPa of Young’s modulus in the inclusion and 
background phantom, respectively. 
3.4.3. Simulation of pulsed laser induced transient waves 
Model definition 
The laser pulse is assumed as a laser pulse with Gaussian profile. The spatial intensity 
distribution at the beam cross-section is described as: 
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where F0 is the laser intensity at laser spot centre, r is the radius coordinate, 0r is the 
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radius of laser pulse. And the temporal intensity profile form a pulsed laser is described 
as[130]: 
 0 0( ) ( )exp( )G t t t t t    [3.21] 
where t is the exposure time and t0 is the pulse rise time. The laser pulse has different 
effects on optically dense medium and optically thinner medium. For example, metals 
are generally optically dense thus the laser pulse can hardly go through the metallic 
surface. During the short pulse duration, the laser energy can just be absorbed by a 
depth strictly confined to the surface. The thickness of the absorption area is typically 
in the order of 5~10nm. In other words, the laser affected area in metallic samples is 
very thin and this type of laser effect is called the heat flux. An expression used to 
describe the heat flux irradiance is as below: 
 0 ( ) ( )dI I F r G t    [3.22] 
where 0I  refers to the central irradiance of laser pulse. In the steel simulation, Eq.[3.22] 
is used. However, the case is not the same with soft biomaterials, where the laser pulse 
will penetrate a significant depth into the tissue. Accordingly, the laser affected area is 
extended into the materials interior and this kind of mechanism is defined as the heat 
generation. In this case, the irradiance can be described as follows: 
 0 ( ) ( ) exp( )d a aI I F r G t Z        [3.23] 
where a  is the absorption coefficient and Z is the coordinate describes the depth 
below surface. Eq.[3.22] is used in steel simulation while Eq.[3.23] is suitable in agar 
simulation. The dimensions of the model and the setup of laser radiation input is 
presented in Figure 3-10. 
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Figure 3-9 Simulation setup of pulsed laser generated mechanical waves on 
single layer and two layer medal model 
The set-up in thermal analysis is kept the same with the available laser pulse source in 
the lab where the applied laser energy is ~3 mJ, the laser pulse rise time is 6 ns. The 
thermal and mechanical parameters of steel and tissue mimicking agar phantoms with 
concentrations of 2% are listed in Table 3-1. 
Table 3-1 Input parameters of pulsed laser induced mechanical wave model 
Input Parameter Steel Copper agar phantom, 2% 
Young’s Modulus (kPa) 6.9x107 1.21x107 180 
Poisson’s Ratio 0.34 0.34 0.47 
Density (gmm-3) 2.77x10-3 8.96 x10-3 1.04x10-3 
Thermal Expansion coefficient (K-1) 2.31x10-5 1.65x10-5 3.0x10-4 
Specific Heat (Jg-1K-1) 0.875 0.386 3.590 
Thermal Conductivity (Wmm-1K-1) 0.394 0.401 2.4x10-4 
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Figure 3-10 Simulation setup of pulsed laser generated mechanical waves on an 
agar phantom with embedded inclusion 
Results 
After solving for the dynamic wave propagation in metal model, the displacement field 
output are requested. Similar to the post-processing procedure as stated in the 
mechanically induced wave model, the displacement waveforms on a set of evenly 
distributed sample points on sample surface are shown in Figure 3-11. The wave traces 
from top to bottom are plotted according to the sampling points at 2.5mm to 24.5mm 
away from the centre of laser stimulation. From the Figure 3-11(a), the wave traces on 
the double layer medal model indicated the propagation of a pulsed wave, and the 
dispersion behaviour can be observed: the multiple frequency pulse becomes more and 
broader on the time scale, indicating that the different frequencies are travelling at 
different velocities. The wave traces on a single layer model Figure 3-11(b) is 
relatively simple, the waves are propagating at the same velocity, only a spatial 
dissipation is observed (amplitude decrease as getting further from source). 
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Figure 3-11 Surface wave results from single layer and two layer FEA models 
The dispersion analysis is performed for each wave group. Phase velocity in the range 
of 0.5 GHz to 5.5GHz were calculated by phase delay, between wave forms acquired 
on adjacent offsets. Then the mean and standard deviation of phase velocity are shown 
in Figure 3-12. 
 
Figure 3-12 Phase velocity result of surface waves simulated in single layer and 
two layer FEA models. 
From the above phase velocity results, the dispersion of surface acoustic waves has 
been demonstrated for the two-layered model with different mechanical property. The 
wave velocity results of the low-frequency waves (below 1 MHz) matched the 
Young’s modulus value (2721 m/s, 69 GPa), and the high frequency components tends 
to present a surface wave velocity (1929 m/s) that indicates the Young’s Modulus of 
superficial layer(copper, 12.1 GPa). 
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The simulation results of pulsed laser generated surface acoustic waves are shown in 
Figure 3-13(a). The sample points are distributed with 0.5 mm interval, starting from 
2 mm distance from the laser source center, to 11 mm distance. The waves are 
propagating with a non-dispersion speed before 4 mm, and an increase in the group 
velocity can be observed on the wave traces from 4.5 mm to 8 mm (indicated by the 
slope on the dashed lines which indicates the wave fronts, as higher slope value in this 
graph representing a higher group velocity.)  
 
Figure 3-13 Surface acoustic wave traces on the surface of agar phantom with 
embedded inclusion 
The wave traces are grouped into three, according to its relative location to the 
embedded hard inclusion: 2-4 mm is before the inclusion, 4.5-8 mm on the inclusion 
and 8.5-11 mm after the inclusion. The averaged phase velocity dispersion curves are 
shown in Figure 3-13(b). The blue and green curves indicates no dispersion, since in 
those areas the media is homogenous, while as the red curve indicates, in the two-layer 
region, high frequency travels faster than low frequencies. The wave velocity before 
and after the inclusion present an average wave velocity of 4.8 m/s, with relatively low 
variations, which indicates non-dispersion behavior. For the surface waves on the 
inclusion, the low frequency components remains a similar, low phase velocity value, 
the high frequency components presents a higher phase velocity value (16.4 m/s, 3.5-
4 kHz), since the high frequency component phase velocity is dominated by the 
Young’s modulus of shallower structures. 
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3.5. Conclusions 
Transient elastography, which mostly deals with shear wave, surface wave and Lamb 
wave can achieve many applications in biomedical area. As the different nature of 
these three kinds of waves, combining them with different kinds of technologies has 
the potential to be an invaluable measurement and diagnostic tool in many areas, 
especially in imaging and the mechanical properties estimations.  
The use of shear wave, surface wave and Lamb wave in biomedical area is still 
relatively new, therefore, it is essential that we can understand them fully, use them in 
the correct way and develop their applications further. In the first part of this chapter, 
the behaviour of transient waves were studied. Bulk shear waves are considered as the 
most promising wave mode to provide localized elastic property. 
Following the above conclusion, finite element models were designed and simulations 
are performed to study the shear wave behaviour in biological tissue. Contact 
mechanical generation and pulsed laser induced transient waves are simulated, and the 
wave propagation behaviour were observed, demonstrating the ability of shear waves 
for showing localized shear modulus. Furthermore, the dispersion behaviour of laser 
induced surface wave is also studied. The conclusion can be made that even though 
the transient waves presents Rayleigh wave mode, the high frequency components can 
still be considered as shear waves, since the wavelength of high frequency waves are 
small, and their velocity is dominated by local mechanical property. 
The above observations and conclusions has led this study to the next objective, which 
is the design of shear wave imaging technique for capturing the transient wave 
propagation with OCT. 
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4.SHEAR WAVE IMAGING TECHNIQUE 
USING PHS-OCT 
4.1. Introduction 
To achieve the requirements of the OCT system for capturing shear wave propagation 
with the goal of reconstructing OCE images, the design of OCT system, data 
acquisition and optimization needs to be considered. Although there are many 
commercially available OCT systems, the customizability, raw data accessibility and 
system performance are insufficient for OCT shear wave imaging. Based on the 
existing laboratory prototype OCT system, several critical parts of the OCT system 
need to be re-considered to meet the requirements of SWI.  
OCT-SWI is based on Phase-sensitive ability, which is a relatively new feature, with 
certain problems to overcome. The data acquisition protocol and data optimizing is a 
critical topic in designing the SWI OCT system, to record and recover ideal dynamic 
wave propagation data. 
In This Chapter 
 A general introduction of the system specification and performance is presented. 
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 The design and assembly of several critical parts, that are relevant to OCT-SWI, is 
presented. 
The relevant OCT parts includes laser source, sample arm, reference arm, 
spectrometer and processor. The considerations in the design are illustrated, and 
the specifications of essential parts are introduced. The comprehensive explanation 
of the working principles of PhS-OCT system is given, for a better understanding 
of the following section of data processing 
 OCT data processing: structural image and motion detection  
The necessary pre-processing of OCT raw spectrum data are presented, and the 
theoretical background for OCT structural imaging and Doppler phase motion 
detection. 
 OCT –SWI data optimization 
In common with other SWI techniques, OCT-SWI data is contaminated with noise 
and artefacts. The discovery of the surface ripple artefacts are demonstrated, and 
the theory of formation, together with a compensation algorithm are given. 
A technique that uses coded excitation for elevating the SWI SNR is also presented 
in detail. 
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4.2. Phase sensitive OCT 
In this section the general function and performance of a Phase-Sensitive OCT (PhS-
OCT) system are briefly presented, to introduce the tool that is used later to study the 
transient mechanical wave. Then the design and construction of this PhS-OCT system 
that based on a Spectral Domain OCT system is presented, and the procedures for 
obtaining OCT structural image and phase detection are discussed, as the fundamental 
for shear wave imaging (SWI) technique. 
4.2.1. System specifications of Spectral Domain OCT system 
In year 2012, a Fourier Domain/ Spectral Domain Optical Coherence Tomography 
(SD-OCT) system was built in University of Dundee, for the purpose of high-
resolution biological tissue tomography imaging, and development of multiple 
modality elastography technique in combination with OCT. This work is equally 
contributed by the joint effort with another PhD student, Guangying Guan, based on 
an improved design inspired by the OCT systems built in Biophotonics And Imaging 
Laboratory (BAIL), University of Washington. Optical contrast tissue structural 
imaging is the fundamental function of this SD-OCT system, and the designed system 
specifications are listed in Table 4-1. 
There are many factors that determines the performance of an actual OCT system 
which could present disparity to designed values, for example, the imperfection of 
optical components and the accuracy of calibration. Moreover, as the OCT system is 
designed for multiple purposes, some components, especially the imaging probe parts, 
were designed to be interchangeable, thus the actual performance are dependent on the 
imaging probe. 
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Table 4-1 Specifications of the SD-OCT system (f – Objective lens focal length) 
 
Designed value Actual performance 
Light source 
Central wavelength 1310 nm 1309 nm 
Bandwidth (FWHM) ~200 nm ~160 nm 
Imaging 
performance 
Depth of field  
(2 x Rayleigh length) 
Up to 2.5mm 
172 um (f = 18 mm) 
480 um (f = 30 mm) 
1334 um (f = 50 mm) 
Lateral resolution Up to 5 um 
5.1 um (f = 18 mm) 
8.5 um (f = 30 mm) 
14.2 um (f = 50 mm) 
Axial resolution Up to 8 um 9~15um 
Scanning 
Camera exposure rate Up to 92kHz 47 kHz 
Max scan angle ± 20° ± 12.5° Small beam 
Frame rate 70Hz 0.1~1 kHz Angle dependent 
4.2.2. Hardware design of an SD-OCT system 
A schematic drawing of the OCT system is displayed in Figure 4-1. Briefly, the OCT 
system is based on low-coherence light and Michelson-interferometer. Two reflected 
laser beams from a stationary mirror and imaging target forms interferometry in a 
fiber-optic coupler. The optical reflectance in imaging target is depth-coded by the 
wavenumber domain interferogram frequency. Interferogram is acquired by linear 
array charge-coupled device (CCD), and the depth-resolved information is then 
recovered by Fast Fourier Transform in a micro-computer based processor, 
comparable to the ultrasound A-scan. The 2-dimensional cross-sectional image or 3-
dimensional volumetric images can then be acquired by one, or a pair of precisely 
synchronized Galvanometer scanning mirrors.  
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Figure 4-1 Schematic drawing of the SD-OCT system 
Laser source 
In this OCT system, an extended bandwidth Superluminecent Diode (SLD) light 
source (LS2000B, Thorlabs, Inc., USA) was employed. As in OCT imaging systems, 
the axial resolution is inversely proportional to the bandwidth of the light source, an 
extended broadband light source is essential to the OCT system performance. The 
LS2000B laser source features a dual SLD arrangement, which provides a high 
bandwidth ideal for high resolution OCT imaging system. 
 
Figure 4-2 Emission spectrum of two separate SLDs in OCT laser source 
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The two SLDs in the laser source are designed so that their emission spectra are offset 
from each other, as plotted in Figure 4-2, the emission of SLD A and SLD B cover a 
FWHM bandwidth of 80nm and 110nm, respectively. The output of each SLD are 
delivered into Channel 1 and Channel 2. The output of Channel 3 and Channel 4 are 
the combination of both SLDs, featuring a total FWHM bandwidth of around 200 nm. 
The offset of SLD emission spectrums are arranged to minimize the deviation of 
combined spectrum from uniform distribution, as shown in Figure 4-3. Typical 
deviation from maximum intensity less than 3dB. The maximum emission power from 
each channel is more than 10 mW. 
 
Figure 4-3 Emission spectrum of combined SLD output in OCT laser source 
Interferometer 
The broadband infrared laser are coupled into optical fibre through FC/APC ports. The 
first optical component after the laser source is an optical circulator. The purpose of 
the circulator is to re-direct the reflected coherent beam to the spectrometer, as well as 
avoiding any laser energy re-entering the laser source. Passing by the circulator, the 
light from the SLD is split into two paths with a 10:90 fibre based coupler, which 
works as a Michelson interferometer. The ninety percent power beam is delivered to 
the sample arm, whilst ten percent power beam goes to a reference mirror, referred to 
as the reference arm. The back-scattered laser from sample arm and the mirror 
reflected beam from reference arm meets again in the fibre coupler where the 
interference occurs and is then delivered to the spectrometer. 
Shear Wave Imaging Technique Using PhS-OCT 
Page | 71 
 
Reference arm 
The reference arm consists of a collimator, a focusing lens and a stationary mirror. The 
stationary mirror is mounted to a linear translation stage, in order to position it on the 
focal point of the reference arm lens. The collimator-lens-mirror assembly creates a 
mirror re-insertion setup, in order to facilitate a stable, yet optical path length 
adjustable reflection of laser back into fibre. For the lens-mirror assembly, the reflected 
beam from a mirror that is placed on the focal point of a lens is always parallel from 
the incident beam. This configuration helps to minimize the requirement for alignment: 
since the mode field diameter of the optical fibre is only around 9.5 μm, it is extremely 
difficult to achieve a stable re-insert of the reflected laser into fibre mode field without 
a second focusing lens. 
 
Figure 4-4 Reference arm assembly 
The optical path length (OPL) of the reference arm is designed to be adjustable, in 
order to match the OPL on the sample arm. Hence, the lens-mirror assembly is 
mounted to another micrometer-driven linear stage, and the stage is aligned to be 
parallel to the collimated beam. The movement of micrometer will lead to an 
adjustment of the relative position of coherence window and the objective lens focal 
region. 
Sample arm 
The sample arm of an OCT system is the imaging probe in essence. The second beam 
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of the Michelson interferometer is delivered to another collimator (F260APC-C, 
Thorlabs, USA) to extract a collimated beam into free space. The theoretical 1/e2 beam 
diameter is 2.8 mm when combined with SMF-28e type fibre.  
For the scanning, a pair of galvanometer scanning systems is utilized. A galvanometer 
is a precision motor with a limited travel, normally within 30 degrees. The acceleration 
of a galvanometer is directly proportional to the current applied to the motor coil. The 
servo driver board of galvanometer scanners are designed to output dynamic control 
voltages to scanners to drive the mirror position angle to be proportional to the input 
signal. With the rotation angle controlled by an analogue command signal from PC, 
the incident sample beam location is scanned on the lateral direction, so that 2 or 3 
dimensional imaging can be achieved, depending on the scanning protocol. One mirror 
is scanned rapidly to form the B-scan, and the other one take one position increment 
for one B-scan, to form a C-scan. 
For a specific objective lens, there exists a trade-off between the lateral resolution and 
imaging. The lateral resolution depends on the focal spot size, i.e. the beam waist size. 
For an incident beam with Gaussian shape, the beam waist size w0 at the focal spot is 
given by[131]  
 0
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   [4.1] 
where f is the focal length of lens, λ is laser wavelength, and Φi is the incident beam 
diameter. Normally, we regard the Rayleigh range as the optimal imaging range of 
OCT, since inside Rayleigh range the beam cross section area is less than twice of the 
minimum beam cross-section area[132]. The Rayleigh length is given by 
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A conclusion from equation [4.1] and [4.2] is, to improve the lateral resolution, i.e. 
decrease the w0 value, the focal length of the objective lens should be shorter, 
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meanwhile the optimal imaging range, 2ZR is decreased. There are three lenses used 
on the OCT system, one microscopy scanning lens (LSM02-BB, Thorlabs Inc., USA) 
with equivalent focal length of 18mm, and two spherical lens with 30 mm/ 50 mm 
focal length. The performance of these objective lens were listed in Table 4-1. The 
microscopy scanning lens has 10X magnification, and best lateral resolution but very 
limited imaging range, while a 30mm lens is a good balance between depth range and 
lateral resolution, since it provides 8.5 um lateral resolution within 480 um imaging 
depth. 
To eliminate the OCT image aberrations, the scanning beam needs to maintain a fixed 
direction during scanning. This requires that the rotation axis of the scanning mirror to 
intersect the focal spot of objective lens. Since there are two scanning mirrors, it is not 
possible to put the focal spot on both scanning mirror axis, consequently the focal spot 
is positioned on the axis of fast scanning mirror(B-scan mirror). 
High-speed spectrometer 
The spectrometer is an essential component of an SD-OCT system. The typical 
components of a fibre-coupled spectrometer include the collimator, diffractive grating, 
objective lens and linear detector array as shown in Figure 4-1. There are two 
determination factors of the axial resolution of an SD-OCT system, as 1) Spectral 
detection range of the spectrometer, and 2) available wavelength bandwidth of infrared 
laser.  
Another performance criterion, axial signal intensity fall-off, is also determined with 
the optical resolution and spectral range integrated by each pixel of the spectrometer, 
since the origin of OCT intensity fall-off is the washout of fringe contrast as the object 
gets further away from zero-delay. 
The spectrometer in our SD-OCT system is made of the following optical components: 
a collimator (f = 50 mm), a transmission grating (1200 lines/mm), an achromatic 
focusing lens (f = 100 mm) and a high speed line scan CCD camera (SUI, Goodrich 
Corp, NJ, USA). The camera is an InGaAs camera with 1024 active elements. A 
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Zemax simulation of the spectrometer is given in Figure 4-5. 
 
Figure 4-5 A ZEMAX model of spectrometer for SD-OCT system 
In the design of this spectrometer, the orientation of the grating is fixed at the optimum 
incident angle at the center wavelength for the expected laser source spectrum, which 
makes the design relatively simple. The broad bandwidth coverage requires good 
achromatic optics. The achromatic lens was chosen to provide acceptable spot profiles 
through the entire spectrum of the light source. The line scan camera is capable of 
providing > 80% average detection efficiency with in the assorted light source 
wavelength range of 1200-1400 nm. The designed spectral resolution of the 
spectrometer was ~0.11 nm, and correspondingly, a 2.5 mm total detectable distance 
on each side of the zero delay location. 
Processor 
The processor in the SD-OCT system is designed for three functions: 
1) Control scanning protocol and synchronisation of scanning and camera 
2) Receiving data from line scan camera 
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3) Real time image processing and high-speed recording 
Most of the processor components are based on NI (National Instruments Corp., TX, 
USA) platform. An analogue output card, NI PCI-6713 is used for sending 
galvanometer scanner driving signal, and camera trigger signal. The maximum update 
rate of this board is 1 MS(mega-sample)/sec. Image acquisition card NI PCIe-1429 is 
used for camera configuration and data transfer, based on CameraLink interface. A 
high-performance PC with 2.8 GHz quad-core Intel Core i7 CPU provided the 
hardware host platform. 
4.2.3. Data acquisition in SD-OCT system 
As described before, the SD-OCT data acquisition hardware is based on NI platform, 
hence the data acquisition program is implemented in LabVIEW (National Instruments 
Corp., TX, USA). A flow chart of the data acquisition program is presented in Figure 
4-6.  
The program first prepares a background reference data by either sampling the 
spectrum from the reference beam, or by loading in a previously captured data. The 
reference beam spectrum is captured by prompting the user to shade the sampling arm, 
and sending trigger signal to camera to capture a number of A-lines, followed by 
performing average operations to obtain a higher SNR. Then this data was stored for 
future use. Since the reference data generally remains stable, the acquisition of this 
data is only necessary when performing a daily calibration, on the beginning of each 
experiment. After preparation of the reference data, the analogue output system and 
NI-IMAQ system are initialized: the NI PCI-6713 card is configured to output trigger 
signal and scan mirror driving signal, and image acquisition parameters are also 
configured for NI PCIe-1429. 
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Figure 4-6 OCT data acquisition program flowchart 
The OCT system can be operated in two modes: real time mode, and acquisition mode, 
as shown in Figure 4-6. The scanning protocols of these two modes can be defined 
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separately. Normally OCT is used for 3-D structural imaging, these two modes use 
same scanning protocol, with the real-time mode to observe the scanning area on-line, 
and the acquisition mode to record data for off-line processing. The two modes follows 
similar workflow: loading pre-defined trigger file, initialization of AO(analogue 
output) and IMAQ(National Instruments IMage AcQuisition), camera data collection, 
and image display or raw data storage. For acquisition mode, since the data transfer 
rate from camera to the PC is faster than hard drive writing speed, to avoid data 
overflow, some part of the RAM is preserved for a cache zone, i.e. a “queue”, then 
raw-data are re-written on to hard drive. For real-time mode, the CPU repeatedly 
reconstructs the images that was obtained from camera, achieving up to 40 frame per 
second and displayed real-time. The image reconstruction is explained in the following 
“Data processing” section. 
In OCT image acquisition, the controlling of scanning mirror position and its 
synchronization is an essential function. To implement this feature, “trigger files” are 
created prior to OCT imaging acquisition, pre-defining the scanning protocol. The 
trigger file contains the scanning mirror driving pattern and the camera trigger signal. 
Matlab code is used for the generation of trigger files, and the code is integrated in 
LabVIEW for a user-friendly GUI (graphic user interface). A trigger file example of a 
3-D scanning protocol is depicted in Figure 4-7, with a frame number of 256, A-line 
number 256, frame rate 140 fps (frames per second). Two channels of the trigger file 
is allocated for scanning mirror positioning control. Channel 1 is a triangle wave, with 
typical rising time ratio of 85%, controlling a linear scan of the X-galvonometer for B-
scan. Channel 2 is the control signal to Y-galvonometer, for C-scan. The Y-axis scan 
signal is a step signal, with a step time equal to one B-scan period. On channel 3, 
IMAQ trigger is sent to the NI PCIe-1429 image acquisition card, to trigger the 
receiving of camera data. Channel 4 signal is the gating trigger for camera exposure. 
The camera is operated in “internally timed, externally gated” mode, while the camera 
repeatedly exposures according to its internal clock when the external trigger is TTL 
high. 
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Figure 4-7 Trigger file example for a 3-D OCT scanning 
With NI PCI 6713 analogue output card, the aforementioned 4 channel signals are 
output through the DAC (digital analogue converter) module, and sent to the 
corresponding control ports through BNC cable. The starting of output is triggered by 
either a TTL signal generated by the same AO card, or by an external TTL signal (for 
example, the synchronization signal from pulsed laser source). 
4.2.4. OCT data processing 
Dispersion compensation 
In theory, the spectral interferometry Fourier domain OCT is based on the equation
( ) FT{ ( )}S SF z A K , where z stands for depth, K stands for wavenumber; in which the 
spectrum of the back scattered sample light amplitude AS(K) is obtained using a 
spectrometer. Practically, with the broad spectral bandwidth and the fact that the optics 
could not be exactly identical in the sample beam and reference beam, the dispersion 
difference can lead to a non-linear sampling in k-space, thus deteriorate the axial 
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resolution when obtaining FT{A ( )}S K . Therefore, dispersion compensation is important 
for a high-resolution OCT imaging system. 
In time domain OCT with analogue demodulation dispersion compensation is usually 
performed by matching the optical materials and path lengths in the two interferometer 
arms [133-135]. Grating based phase delay scanners can also be used to provide 
dispersion compensation with group and phase delay scanning[136]. These methods 
require re-adjustment if the dispersion varies between samples, hence it presents 
limited practical functionality. 
For the SD-OCT system, a numerical a posteriori dispersion compensation technique 
has been developed to correct the dispersion on the detected spectrum. A flow chart of 
spectral domain OCT dispersion compensation procedure is given in Figure 4-8. 
 
Figure 4-8 SD-OCT dispersion compensation procedure flowchart. Dashed path 
shows the dispersion compensation 
The spectral signal sampled at the line-scan camera Sout(x) is subtracted by the 
reference signal that was obtained from the reference beam, leaving only the 
interference signal Sint(x). A third-order function of evenly sampled k-space to 
dispersed k-space is constructed, and the compensation path (dash line in Figure 4-8) 
then uses Fourier domain reflector magnitude to find optimised parameter, in order to 
maximise the magnitude of post-FFT OCT signal at the reflector location. In Figure 
4-9(a1) (a2), the spectral interferogram without dispersion compensation produced by 
two reflectors (at ~0.22mm and 1.08mm from the zero delay location) are plotted, 
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together with an optimized k-space function (mapped to line-scan pixel number for 
more intuitive presentation). Note that in this region this wavenumber function is a 
concave function. The spectrum was then re-sampled (interpolated) according to the 
discrete point set on this function curve to recover an evenly-spaced k-space 
interferogram, as depicted in Figure 4-9(b1) (b2). In this example the interferometry 
fringes are shifted to the left, in correspondence to the k-space concave function. 
 
Figure 4-9 Raw spectrum from camera and the dispersion compensation, (a1,a2) 
un-compensated spectrum of the interferogram produced by two reflectors 
(b1,b2) compensated 
After the FFT operation on the spectrum data, the OCT signals obtained from both the 
compensated and un-compensated spectrum are shown in Figure 4-10. The coherence range 
(i.e. OCT resolution) is significantly improved after compensation, with a significant 
improvement in the signal to noise ratio. This dispersion compensation technique facilitated 
the SD-OCT system to maintain an axial resolution performance that is close to the theoretical 
value (9 μm and 4μm). 
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Figure 4-10 OCT intensity signal from compensated spectrum 
OCT imaging and phase detection 
In SD-OCT, the interference fringes at the linear detector after a proper dispersion 
compensation can be expressed by[137]: 
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where S(k) is the source power spectral density; k is the wave number (in radians per 
meter); δk is the spectral bandwidth of light source; ρ is the detector responsivity; RR  
is the reference arm reflectivity and Rn is the reflectivity of the sample at location zn 
(i.e., local reflector). Δzn is an integer multiple of discrete sampling interval in z domain 
(depth), given by m/δk, where m is any positive or negative integer indexing 1-D z 
domain A-scan array. δzn is the sub-resolution deviation of the local reflector (scatterer) 
location away from Δzn. As the PhS-OCT mainly detects the sub-resolution movement, 
δzn is the primary determinant factor of the OCT signal phase. 
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A Fourier transformation of i(k) (realistically, discrete Fourier transformation) will 
give the complex-valued z domain signal [137]: 
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where S0 is the total sample illumination power, i.e. ∫S(k)dk . The term E(2δzn) denotes 
the unity-amplitude z domain autocorrelation function, k0 is source centre wavenumber, 
and fs is the A-scan rate in Hz. This complex signal I is normally referred to as the 
OCT complex signal, with its absolute value is the depth (z) resolved backscattered 
laser intensity, i.e. structural image. The phase of I is proportional to δzn , i.e. 
representing the motion signal. 
For the phase-resolved method [138], the instantaneous displacement of a local 
scatterer between two successive A-scans is equivalent to the instantaneous Doppler 
shift represented by the derivative of the phase with respect to time, which can be 
written as: 
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Here   denotes phase operator, λ0 is the central wavelength of the light source, fdopp 
is the Doppler frequency shift, fs is the A-scan rate, and θ is the Doppler angle between 
optical axis and motion direction. In the most cases, one assumes the sample 
displacement is only in optical axial direction, meaning that only displacement vector 
projection on axial direction is detected, Eq.[4.5] can be simplified to :  
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where Δφ(z,t) is the phase difference between adjacent A-scans at location (depth) z 
and time t. 
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Using the above principles, Both OCT structural images and motion detection images 
can be reconstructed from the camera data, thus this SD-OCT system is also classified 
as a Phase-Sensitive Optical Coherence Tomography (PhS-OCT) system. 
The reconstruction of B-scans can be real-time updated in the LabVIEW program GUI, 
while the motion detection image that compares adjacent A-lines in a B scan can also 
be provided as a preview of the displacement that is induced in the imaging range. To 
achieve high frame rate shear wave imaging, there are still more configurations to be 
made, and will be expounded in detail in the next section. 
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4.3. Shear wave imaging technique 
To develop a high-sensitivity, high-speed shear wave imaging (SWI) technique using 
the OCT system is one of the main objectives in this study. This section describes the 
SWI technique for the acquisition of wave propagation data with PhS-OCT system; 
particular attention is paid to the method of wave field data recovery in such a way to 
obtain the maximum of information and the minimum of artefact error and uncertainty. 
The possible defects of OCT motion detection and different sources of artefact errors 
of the acquisition are presented, considering the procedures to reduce their effect. This 
allows to give practical indications on the acquisition parameters, and to obtain high 
quality wave propagation data for improving the elastography accuracy. 
4.3.1. Shear wave imaging hardware set up 
The first practical step for shear wave imaging is the launching of shear waves in the 
sample. There are three method for wave generation that is discussed in this 
dissertation, i.e. contact mechanical stimulation, acoustic radiation force impulse, and 
pulsed laser. The contact mechanical stimulation is the most direct and representative 
method, as its setup schematic is depicted in Figure 4-11. 
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Figure 4-11 hardware set up of shear wave imaging technique with a contact 
mechanical stimulation 
A low-voltage, stacked piezoelectric actuator is utilized as the mechanical stimulation 
source in the contact generation of shear waves. The driving signal is either generated 
by a function generator, or directly from the analogue output card. As shown in Figure 
4-11, five analogue output channels are used for controlling the PhS-OCT system: 
AO0 and AO1 are allocated for scanning mirror positioning control, AO2 is preserved 
for camera trigger, AO3 is to generate trigger signal for IMAQ card, and AO4 for 
generating driving signal for the actuator. 
The hardware setup for Acoustic Radiation Force Impulse (ARFI) generated shear 
wave imaging and pulsed laser generated shear wave imaging differs from the contact 
mechanical stimulation SWI in the synchronization scheme. The external triggering is 
not provided for the ultrasound controller, nor for the pulsed Nd-YAG laser. To meet 
the need for precise synchronization in SWI, the OCT system is re-programmed to be 
capable of receiving trigger signals. The schematic drawing of the hardware set up for 
ARFI-SWI and pulsed laser SWI are shown in Figure 4-12 
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Figure 4-12 Synchronization setup schematic of ARFI-SWI (a) and pulse laser 
SWI (b) 
The Continuum Surelight Nd:YAG laser source controller provided a TTL-compatible 
synchronization signal after 50 ns of the pump discharge. For synchronization between 
PhS-OCT and the pulsed laser, a function generator is used as a delay generator, and 
delay the rising edge of the laser source sync signal by 99.5 ms, i.e. 0.5 ms before the 
laser pulse, to trigger the start of PhS-OCT acquisition. 
A similar technique is also applied to ARFI-SWI. In the ultrasound controller, the 
ultrasound burst pushes repetition rate is 140Hz, the driving signal from the center 
element is taken out, and attenuated to act as a synchronization signal. Then this signal 
is passed on to function generator which produces a trigger signal for the starting of 
PhS-OCT acquisition. 
4.3.2. Data acquisition 
To track shear waves propagating in tissue, the PhS-OCT was operated in M-B mode, 
wherein a sequence of 256 A-scans (one M-scan) was captured at every spatial location 
sequentially within the B-scan (total 128 locations) mode while the actuator repeatedly 
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fired the stimuli. Thus, a complete M-B scan consisted of 256x128 A-scans. 
Synchronization of shear wave generation and OCT beam-scanning was precisely 
controlled using custom software written in the LabVIEW language.  
 
Figure 4-13 Timing schematic of shear wave imaging scanning protocol 
The timing shematic drawing is shown in Figure 4-13. When the system A-scan rate 
was set to 46.992 kHz, M-scan repetition rate is determined as 140 Hz. Each M-B scan 
acquisition takes about one second. The 128 M-B scans were re-arranged to form 256 
B-M scans. In this way, the re-arranged B-M scan had an equivalent frame rate the 
same as the A-line rate (~47 kHz). This high frame rate could provide a direct 
visualization of the propagating mechanical waves within a range of 1 to 7 kHz, 
commonly with wavelength of 0.1-1mm in soft tissue, which is appropriate for OCT 
imaging. 
Phase-sensitive data output from the spectral interferograms were used to calculate 
256 B-frames of the displacement field. Localized displacement estimates were 
obtained by comparing phase differences within the M-scan. The axial component of 
the displacement uz at a given pixel at time t, i.e., uz(x,z,t), was computed from the 
linear relationship between displacement and phase difference between adjacent A-
scans: 
  
 , , λ
, ,
4π
z
x z t
u x z t
n
 
   [4.7] 
where ∆φ is the detected phase change, λ is the central wavelength of the SLD 
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(1310 nm) and n is the refractive index of the sample. Figure 4-14 illustrates this 
scanning scheme, where the displacement field over a cross section is imaged with 
time. A typical structural image is also presented in this figure. 
 
Figure 4-14 Illustration of shear wave imaging scanning protocol 
In the experiments, when the camera is operated at 47kHz A-scan rate, each M-scan 
took approximately 15 ms, thus the full M-B scan took less than 2 seconds for a single 
measurement. The scan range of the B-scan (128 locations) was 2.5 mm, which limited 
the lateral pixel size at ~25 μm. The axial pixel size is ~5 µm. The dynamic range of 
the PhS-OCT system was measured to be ~100 dB at 0.5 mm axial depth with a phase 
noise of 3 mrad (milli-radian). However, the SNR in the region of interest (ROI) of the 
tissue sample was ~50 dB.  
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4.4.  Shear wave imaging data processing 
4.4.1. Phase unwrapping on wave field data 
According to the working principles of OCT motion detection that are given in the 
previous section, the motion detection is based on the phase difference between 
adjacent A-scans. By definition, the calculated difference (  ) is an instantaneous 
phase, i.e. a wrapped phase. Phase wrapping happens if    , hence, when the 
instantaneous displacement amplitude uz is larger than 4n/λ (see Eq.[4.7]), the motion 
detection results will present wrapped images, and these images are unusable unless 
they are first unwrapped so as to form a continuous phase map. 
The phase unwrapping operations of images that are sampled at sufficiently high 
sampling rates, and that do not contain noise, or sudden phase changes, are relatively 
simple and this process can be carried out using the 2D ltoh Phase unwrapping 
algorithm[139]. However, as soon as any single one of these three conditions is 
violated, the phase unwrapping can become a difficult task to accomplish: the presence 
of noise can cause false phase wraps, which is difficult to differentiate from genuine 
wrapping. Furthermore, the phase unwrapping is accumulative in nature: if a single 
genuine phase wrap is missed due to noise, or a false wrap appears, an error occurs in 
unwrapping and this error then propagates throughout the rest of the image. 
A large number of algorithms have been suggested as solutions to the phase 
unwrapping problems, while the most robust of the numerous algorithms can still fail 
in many occasions[140]. Driven by the application of shear wave imaging which 
leaves no margin for error, a few 2-D unwrapping algorithms were explored and tested 
on the shear wave imaging data, including multi-grid techniques[141], network 
programming unwrapping[142] and some quality-guided phase unwrapping 
algorithm[143], etc. Among the tested algorithms, an algorithm based on reliability 
sorting following a non-continuous path (2D-SRNCP algorithm) [144] has been tested 
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to be the most suitable and robust phase unwrapping algorithm for OCT-SWI data, 
with very low execution time, and no human interaction is necessary. The example of 
phase unwrapping results on SWI data is given in Figure 4-15. 
 
Figure 4-15 Comparison of phase unwrapping methods 
(a1-a3) wrapped shear wave images at 5Ts, 10Ts, and 15Ts (b1-b3) unwrapping 
results of shear wave images at 5Ts, 10Ts, and 15Ts using Miguel 2-D unwrapping 
algorithm; (c1-c3) overlapping visualization of unwrapped data; (d1-d3) 
overlapping visualization of simple sequential 2-D unwrapping algorithm, 
Ts=Sampling period(23.5 us) 
In Figure 4-15(a1-a3) the wave snapshots captured by PhS-OCT are  given, this dataset 
is obtained in a soft tissue-mimicking agar phantom, with a cylindrical inclusion 
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embedded. The shaker tip is attached to the left side of the phantom, and generating a 
vibrating motion in the depth direction. Shear wave images are captured with an 
equivalent frame rate of 47 kfps (kilo frames per second). The total peak-to-peak 
displacement of the shaker tip is estimated to be 5 um, as the shear wave images are 
the differential displacement field snapshot, the maximum displacement is inducing a 
wrapped phase in many locations, especially in the region that is close to the shaker 
tip. The presence of phase wrapping artefact in the wave field snapshots will obviously 
deteriorate the accuracy of wave velocity estimation that is based on the spatial-
temporal propagation data of shear waves. 
In the post processing of the SWI data, the 2D-SRNCP algorithm is implemented with 
c++ language and MATLAB code, before applying to this dataset, and the unwrapped 
data is visualized as Figure 4-15(b1-b3). The wave snapshots are also overlapped on 
the corresponding OCT structural image in Figure 4-15(c1-c3). This unwrapping 
algorithm showed a remarkable capability and robustness to provide a fixing of phase-
wrapping for all wave field images. For comparison, the phase-unwrapping results 
using a simple, sequential, repeated 1-D phase unwrapping algorithm provided in the 
MATLAB function library is given in Figure 4-15(d1-d3). This algorithm has showed 
multiple failures in all the wave field snapshots, caused by the presence of noise and 
false decisions of phase wraps. The propagation of this error has induced multiple 
lateral stripes, which severely decreased the image quality. 
As a short conclusion, 2D-SRNCP algorithm is proved to be an effective phase-
unwrapping method for SWI images, which helps to improve the SWI data quality, 
and enables the utilization of large displacement amplitudes, which further extended 
the applicability of OCT-SWI. 
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4.4.2. Surface ripple artefact removal 
In some experiments of shear wave imaging, a wave artefact is found to arise in the 
detection of mechanical waves with PhS-OCT. This motion artefact was then proved 
to be a combined product of sample surface motion and refractive index difference 
between sample and air, which cannot be neglected when imaging the displacement 
within tissue. The detailed description of the cause of formation is given in this section, 
together with a method of compensating the motion artefact. The theoretical analysis 
and experimental results are published in journal paper [J-1] and necessary figures are 
adapted from this paper. 
Theoretical analysis of surface ripple artefact 
Based on the principle about OCT motion detection introduced in the last section, it is 
reasonable to assume that Δφ(z,t) calculated between adjacent A-scans is caused by the 
displacement of the scatterer at the location z. However, OCT phase signal is in fact 
only sensitive to the path-length difference between the optical path length (OPL) of 
reference mirror and the OPL of the scatterer at the location z in the interferometer. In 
terms of measured phase change, it is accumulated over the optical path along the 
sample beam. Thus, Δφ(z,t) is the true representation of the displacement of the 
scatterer only when there is no OPL perturbation above the scatterer of interest. This 
requirement is met when 1) there is no tissue movement above the scatterer, and 2) 
refractive index along the beam propagating path in the sample arm is uniform over 
time. While these conditions are generally satisfied in the use of phase-resolved 
technique to evaluate the blood flow velocity, they become complicated when using 
PhS-OCT to monitor/trace the propagating waves within sample induced by a 
mechanical stimulus. Mechanical stimulus may induce different mechanical waves 
propagating within tissue, for example shear wave, Rayleigh wave (surface acoustic 
waves), and longitudinal waves. Even more complicated is the case of heterogeneous 
properties of the sample because by definition, elastic heterogeneities produce 
reflected waves. All these mechanical waves would affect the accuracy of PhS-OCT 
monitoring of the movement of the scatterer at the location z due to the dynamic 
mechanical wave of interest.  
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In the current study the research interest is to use PhS-OCT to track the shear wave 
propagating within tissue, the phase difference detected is induced by dynamic OPL 
change. Assuming that the tissue is uniform in refractive index, two main factors can 
cause a change in OPL: 1) the motion of the scatterer due to the shear wave of interest, 
and 2) the tissue surface motion at air-tissue interface that perturbs the OPL along the 
detection beam. The latter becomes a severe artefact in the dynamic motion detection. 
Because the phase change is accumulated along the optical path, the detected value is 
the summation of phase changes due to these two motions. This situation is shown in 
Figure 4-16: 
 
Figure 4-16 Illustration of a situation when OCT phase is influenced by both 
sample surface motion and scatterer motion 
Note that in this case, The change of refractive index due to compression wave is not 
considered, based on two reasons: 1) The change of refractive index caused by 
compression is very small. Even in extreme condition of 1% density change under 
shock compression[145], the refractive index change is only 1.7×10-4. This magnitude 
is too small to cancel out the OPL change in shear wave imaging. And 2) for gels and 
soft tissues, the assumption of incompressibility is widely used for modelling 
mechanical waves in tissue[146, 147],where the wave amplitude is small (micron 
scale). 
Assume that the scatterer of interest is located at the depth of L2 away from the sample 
surface, and the distance is L1 between sample surface and the fibre coupler where the 
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reference beam and reflected sample beam interfere, the total equivalent OPL takes 
the form 
 0 1 1 2 2L nO nP LL     [4.8] 
at the time t = 0 when there is no motion. Here, n1 is the refraction index of air and n2 
is that of the sample. At a successive A-scan (t=TS, where 1/TS is the A-scan rate of the 
OCT system,), the sample surface moves a distance of d1 while the scatterer travels a 
distance of d2, (defining the motion towards detector is positive direction).  Thus, the 
equivalent OPL at the time t=TS becomes 
 1 1 1 1 2 1 2 2OPL ( ) ( )L d dn L d n     [4.9] 
The OPL difference between the times t = 0 and t=TS, which gives rise to Δφ, is then, 
 0 1 2 2 1 2 1( )OPLOPL OP nL nd n d      [4.10] 
Here, the term d2n2 is caused by the true motion of the localized scatterer. (n1-n2)d1 is 
caused by the surface motion, e.g. SAW induced by the mechanical stimulus. This 
latter term would give rise to an artefact to the experimental measurements of the 
motions beneath the sample surface in the z domain. Therefore, within the B-frame 
image of the displacement field that is determined by the PhS-OCT system, a 
propagating surface wave will lead to stripe artefacts according to the above analysis. 
From Eq.[4.10], when the scatterer is close to surface, i.e. 2 0L  , the scatterer 
displacement will approach the surface displacement, i.e.
2 0
2 1lim
L
d d

 . Then, we have, 
 2
2 2 1 2 1 1 2 1 2 1
0
1 1
lim ( ) ( )
L
OPL d n n n d d n n n d
d n

  

  
  [4.11] 
Thus, if the detected phase near the sample surface is Δφsurf (zsurf ,t), we have, 
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
   [4.12] 
Therefore, combining Eq.[4.12], Eq.[4.10] and Eq.[4.7], the real phase change Δφc due 
to the motion of the scatterer at the location z can be deduced: 
 d 2 1( , ) ( , ) ( ( ))c surfz t z t n tn         [4.13] 
where Δφd  and Δφsurf are the phase changes directly determined by PhS-OCT at the 
location z and at the surface, respectively. 
Experimental evidence of artefact 
To demonstrate the presence of the artefact, a layered glass plate phantom is fabricated 
to create a condition where the mechanical wave is propagating within a layer of soft 
phantom between free surface and a glass plate while at the bottom there is an air gap 
above the substrate rigid body (steel plate), see Figure 4-17(a). With this configuration 
the steel plate can be safely assumed to be static, i.e. without mechanical waves 
propagating in it, because the glass plate and a layer of air isolate the acoustic waves 
from the soft phantom. And also the excitation is not able to launch detectable motion 
in steel with given frequency and amplitude. In the experiments, the stimulation tip 
was driven by a stack piezoelectric actuator, and the tip was emitting 5 kHz sine waves 
of 5 cycles. All the phantoms were more than 50mm in diameter and at least 15mm 
deep, to avoid any reflected wave from the boundaries. The vibration amplitude was 
below 3μm. The tip was a wedge-like shape, with a width of 1.7mm edge. The waves 
generated by this tip can therefore be considered approximately planar, having 
negligible out-of-plane displacement, which simplifies the experiments for 2-
dimensional analysis. When attaching the tip to the sample, the OCT system was used 
to provide the real-time B-scan of the region of interest.  
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Figure 4-17 Illustration of phantom configuration in surface ripple artefact 
experiment 
(a) thin phantom plate (b) large homogeous phantom in air (c) large homogeous 
phantom with a layer of oil and a glass plate in the top. Note in (b) and (c), the 
dashed box indicating imaging range (B-scan) is not in scale 
After processing PhS-OCT data, a video that provides visualization of propagating 
mechanical wave was generated. The phase map was encoded with bi-polar color map, 
where red color denotes the motion towards the OCT light beam. The phase image was 
then overlaid onto the OCT B-scan structural image, with higher transparency for 
lower amplitude of motion, as shown in Figure 4-18. 
 
Figure 4-18 Shear wave imaging results for demonstrating the presence of 
surface ripple artefacts 
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(a1-a4) PhS-OCT detected displacement field, [(a1) t=5Ts (a2) t=10Ts (a3) t=15Ts 
(a4) t=20Ts, Ts = sampling period].  (b1-b4) Compensated displacement fields. 
Same colourbar as shown in (a1) applies to each sub-figure 
Before mapping the phase, a mask was applied to the phase image. The mask was 
generated from the structural image so that any pixel with low OCT signal intensity, 
e.g. from transparent structures, was masked out. This masking method was applied to 
all the phase images presented. Four snapshots of the dynamic wave (displacement 
field) are shown in Figure 4-18(a1-a4), each snapshot is noted by the time offset from 
t=0. The same applies to all the snapshot images. The bright line at the bottom of each 
image is the surface of steel plate. The phase artefacts are clearly indicated in these 
images, with smaller but opposite phase values to the surface phase, as indicated by 
arrows in Figure 4-18. This supports the analyses presented in the theoretical analysis 
of the artefact that a positive phase (motion) on a surface will cause a negative phase 
(artefact) at all locations underneath the surface. Hence, on the B-scan image, the stripe 
artefacts are created by the surface motion. 
The phase compensation method was then applied on these wave field dataset. The 
results are shown in Figure 4-18(b1-b4). After compensation, the phase artefacts on 
the steel plate and also on the glass plate surface are eliminated. Leaving the corrected 
wave pattern to decrease to zero from surface to bottom of the phantom, as expected. 
Note that in this figure, there still exists phase signal (red or blue) within some region 
that is of low OCT signal. This is largely due to the imperfection of the masking 
method used. This however does not affect the demonstration of artefact compensation. 
To show the strength of artefact, the displacement waveform at different depths are 
plotted in Figure 4-19, where the compensated and uncompensated waveform at three 
depths/locations (marked as “+” in Figure 4-18(a1)) are given. At depth #1, the 
vibration amplitude is the largest, as this location is close to the phantom surface where 
the artefact effect is less obvious. As the depth goes deeper to depth #2, both the phase 
and amplitude shows a severe distortion. Because in the deeper region, the true 
displacement becomes smaller while the artefact amplitude is uniform at all depths, 
the error rate increases significantly at deeper region. As shown at the bottom pair of 
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waveforms, there is no displacement signal on the steel plate after compensation as 
expected, which demonstrates the effectiveness of the compensation method. 
 
Figure 4-19 Displacement waveforms at three depths of the layered phantom 
The artefact could lead to the apparent amplitude increase or decrease (see depth 2 and 
steel plate), or a certain phase shift (see depth 2). This is because the displacement 
waveform is independent on surface motion, which could be in different phase with 
artefact error. The composition of the true displacement and artefact will lead to those 
three situations above. 
Validation of compensation algorithm 
To further validate the artefact compensation algorithm, a numerical solution to the 
wave field in a homogenous phantom is created, the dimensions and physical 
parameters were set to mimic the soft phantom. The longitudinal wave (P-wave) and 
shear wave (S-wave) velocity were set to 1050 m/s and 2.5 m/s. The simulation 
modelled a homogenous phantom with a stimulation source emitting 3 cycles of 5 kHz 
sine waves on surface. A snapshot of displacement field (z direction component) is 
presented in Figure 4-20(a). In this figure to avoid any reflections, only a 2×3.5 mm 
section is shown, which is relatively far from any fixed boundaries. Figure 4-20(b) is 
the measured wave propagating pattern at the same time instance of the stimulation. 
Because the stimulation in the experiment was applied with a small angle, the wave 
front observed in the stimulation presents some difference from that in the simulation. 
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In general, the wavelength, amplitude and the wave pattern reached good agreements 
between the experiment and the simulation. 
The result of simulation demonstrates the co-existing shear wave and surface wave 
(Rayleigh wave) modes. Rayleigh wave propagates on the free surface of media, with 
an active depth of about one wavelength.  There is no strict division boundary between 
the bulk shear wave and Rayleigh wave. The wave field snapshot (Figure 4-20) 
indicates the shear waves with a wavelength of ~0.5 mm, and Rayleigh wave with a 
similar velocity. The displacement amplitude are in good agreement with that from 
prior literature about the amplitude map of shear waves generated by surface point 
source[148]. 
 
Figure 4-20 Α snapshot of displacement field from the numerical simulation of 
shear waves in homogenous phantom. (a) Α snapshot of displacement field from 
the numerical simulation, and (b) measured displacement field by PhS-OCT. The 
images are displayed at the same scale and time point. 
As the wave pattern (spatial-temporal displacement field) is critical for the 
reconstruction of wave velocity map, the elimination of motion artefact has always 
been an important issue for all wave imaging modalities. Here, a homogenous phantom 
that is large enough is used to avoid reflected waves to show the pure shear wave 
images. As shown in Figure 4-17(b), the stimulation source is attached to phantom 
surface. Figure 4-21(a1-a4) show snapshots at 4 different time instants when the wave 
propagates within the phantom. The stripe artefacts are clearly noticeable in all the 
frames. Also in comparison with the theoretical wave pattern in Figure 4-20, the wave 
fronts exhibit obvious distortion. Figure 4-21(b1-b4) shows the wave field frames with 
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surface phase compensation. The stripe artefacts and wave distortion are effectively 
suppressed. The compensated wave pattern still shows a small difference when 
compared to Figure 4-20. This is, because the excitations are launched with an angle 
in the experiments, and also the attenuation is not modelled in the theoretical model. 
However, the phase images are much more realistic than the artefact-contaminated 
ones. 
There is a circumstance where the artefacts can be mitigated without compensation. 
This is shown in Figure 4-17(c) where the phantom is placed in a container. Then a 
layer of mineral oil is poured onto the surface. To avoid the oil surface motion, the oil 
layer is covered with a thin glass plate. In this case, the oil layer works as an optical 
coupling media because the oil has a refractive index that is close to that of phantom, 
and there is no surface motion on the oil due to the glass plate. The measured wave 
patterns in this oil-covered phantom are presented in Figure 4-21(c1-c4). It can be seen 
that the images (without compensation applied) are basically artifact-free. However, 
as the mineral oil still exhibits a slightly higher refractive index than the phantom 
(~1.42 vs ~1.33), there exists an opposite stripes, i.e., a very weak amplitude stripe 
artefact with same phase direction could be observed [as indicated with arrows in 
Figure 4-21(c1-c4)]. This also confirmed the validity of the compensation method, 
because for this oil-phantom interface, (n2-n1) is a negative value, opposite to the case 
of air-tissue interface. 
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Figure 4-21 (a1-a4) Wave propagating pattern detected with PhS-OCT in a 
homogenous tissue phantom; (b1-b4) wave pattern after phase compensation; 
and (c1-c4) wave pattern in homogeneous phantom with a layer of oil above.  
Shown are the snapshots at the time instants of 5Ts, 10Ts, 15Ts and 20Ts where Ts 
= sampling period, 23.4μs. Same colour bar as shown in (a1) applies to each sub 
figure. 
Discussion 
In this section, the formation and characteristics of the surface ripple artifact are 
theoretically and experimentally proved, starting from the study of phase-resolved 
motion detection methods. Furthermore, a method of compensating for these artifacts 
is proposed accordingly. The artifacts are first observed on a phantom with a moving 
part and a static part, and then on a homogenous phantom with propagating shear 
waves and surface waves. For both the cases, the compensation method showed the 
ability to remove the stripe artifacts and correct the distorted waveforms. As the 
described circumstances are common in dynamic OCE methods, the compensation 
algorithm is expected to have wide applications. This investigation also suggests that 
special attention should be given to the phase errors whenever nonhomogeneous 
optical medium exists, as the varying refraction expresses a lens effect for phase. 
In this work, the refractive index is considered constant and uniform in the specimen. 
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Although a complex sample with variation of refractive index would complicate the 
proposed compensation method, it is still reasonable to conclude that using a rough 
estimation of refractive index, most of the artifact errors could be eliminated, providing 
much a higher SNR than leaving this artifact uncorrected. Because the artifact 
amplitude is (n − 1) times the surface displacement, the variation of refractive index 
has a small variation range in the same type of biological tissue. 
One difficulty for this compensation technique is in the situation where the sample 
surface is uneven or rough. In this case, the optical path would become more complex, 
leading to complications for interpreting the results. As there already exist very 
effective algorithms to inversely compute the OCT beam path for refraction 
correction[149], it is feasible to use this compensation method based on the beam path 
corrections. However, it is more computation-intensive. Nevertheless, the method 
given above is only one possible approach for the artefact correction; more effective 
and robust approaches remain to be explored. 
4.4.3. Pulse compression  
For a further enhancement of the shear wave imaging by increasing the signal to noise 
ratio (SNR), and to improve the elastography map resolution by shortening the shear 
wave signal duration, a method called pulse compression is proposed. In this work, a 
digital pulse compression method is combined to the dynamic elastography technique 
to improve shear modulus estimation. 
Pulse compression was first introduced for radar detection in the early 1960’s [150, 
151] and later extended to ultrasound applications[152]. The main idea is to improve 
axial resolution by shortening the signal duration and increase the signal-to-noise ratio 
(SNR) by spreading the instantaneous peak energy level over a longer period.  
Pulse compression technique is proposed in this study to combine with shear wave 
imaging in order to: 1- improve the SNR of detected displacements induced in the 
sample, and 2- compress spatially and temporally the shear wave for better 
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reconstruction of shear modulus maps. For that purpose, a broadband frequency-
modulated (chirp) mechanical excitation is generated and applied digital pulse 
compression to the resulting displacement field detected with PhS-OCT. The 
performance of this pulse compression scheme is evaluated by comparing the results 
to those from un-chirped excitation. 
A demonstration of the chirp compression process is given in Figure 4-22. From Figure 
4-22(a) we can see the initial chirp that is used to drive the actuator. Figure 4-22(b) 
shows the chirp that is repeated three times, as a stimulation source that is send into 
sample. Figure 4-22(c) gives the simulated, OCT acquisition of the displacement 
waveform, which is contaminated with high amplitude of white noise. Figure 4-22(d) 
shows the signal after pulse compression procedure. The amplitude of these three 
chirps, in order are 0.5, 0.4 and 0.3. 
 
Figure 4-22 Chirp compression of a simulated signal 
We can clearly see the chirps have been compressed around a center residing at the 
beginning of three instance of the detected signal, and resemble a positive spike at each 
chirp. The amplitude and location are clearly indicated in the compression result, with 
an effectively elevated SNR. 
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Pulse compression algorithm 
Digital pulse compression is theoretically achieved by performing the autocorrelation 
of the displacement field. In practice, an inverse filter method is used to optimize the 
autocorrelation, mainly by reducing the side lobes of the autocorrelation function.  The 
filter was designed using the following steps:  
4) A reference signal  0,refzu x t  is computed by averaging along depth the 
axial displacements at x = 0 (nearest point to the shear source). 
5) An ideal output pulse 𝑝𝑢𝑙𝑠𝑒(𝑡) is derived from the autocorrelation of the 
reference signal: 
        ref refz zpulse u t u t w          [4.14] 
where 𝑤(𝜏) is a weighting function designed to suppress side lobes of the 
autocorrelation function. 
6) An inverse filter 𝑓(𝜏) is then designed by inverting: 
               ,ref ref refz z zu t u t f pulse U f pulse                 [4.15] 
where 𝑈𝑧
𝑟𝑒𝑓(𝜏, 𝜏′) is the convolution matrix of the reference signal. The 
inverse filter is then applied to the autocorrelation of the axial displacement 
field at each location in the region of interest. This approach closely parallels 
that discussed in detail in [152] for conventional ultrasound imaging.  
An example of a compressed pulse on a 0.5% agar phantom is shown in Figure 4-23, 
together with its corresponding inverse filter. 
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Figure 4-23 An example of a compressed pulse on a 0.5%-agar phantom. 
(a) Ideal output pulse (red thick line) derived from the autocorrelation function 
(black line) as defined in Eq.[4.14] and Eq.[4.15]. (b) Inverse filter obtained from 
Eq. [4.15] 
The original shear wave signal is a 1-7 kHz chirp, which last for 8 milliseconds. The 
shear wave signal has been compressed temporally and spatially, with a higher signal 
to noise ratio. The applications of pulse compression algorithm is presented in Chapter 
5.3.3. 
4.4.4. Directional filter 
In the shear wave imaging data, the destructive interference of back-reflected waves, 
and refracted shear waves can degrade the quality of estimated wave velocity map that 
is derived based on the time-of-flight method[153]. In order to suppress this effect, the 
shear wave imaging data needs to be directionally filtered. Directional filtering is 
especially important when the shear waves were reflected in a sample that has hard 
inclusions. 
The displacement data obtained from shear wave imaging is a function of lateral and 
axial position as well as time, i.e. a 3-dimensional data. The data is typically 
256x512x255 in data size (width x depth x time), as shown in Figure 4-24(a). Each 
SWI data is regarded as a stack of lateral-temporal image slices, which were filtered 
separately. 
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Figure 4-24 Directional filter process on one slice of SWI data 
(a) Diagram of a slice from the 3D matrix of SWI axial displacement data (b) A 
lateral-temporal slice of the displacement of a propagating, pulse shear wave at 
depth 0.8 mm (c) the lateral-temporal displacement image after directional 
filtering operation. 
 
Figure 4-25 Directional filter processing workflow. 
In Figure 4-25, the workflow for a directional filter is presented. The axial 
displacement at a specific depth (Figure 4-24) is presented in the wavenumber-
frequency domain using a 2D discrete Fourier transform (DFT). Quadrants 
corresponding to negative shear wave speed are removed by multiplication with a 
binary mask. After inverse DFT (IDFT), the filtered axial velocity is obtained. 
The 2D DFT of a lateral-temporal slice can be written as a function of wavenumber k 
and angular frequency ω with the phase velocity cs= ω/k. Therefore, the energy of the 
right-propagating shear waves lies in the first and third quadrants of the spectrum, 
where cs > 0, whereas that of the left-propagating shear waves lines in the second and 
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fourth quadrants, where cs < 0. The directional filtering is then accomplished by 
keeping only the desired quadrants in the wavenumber-frequency matrix for each slice, 
followed by inverse transformation to the spatial-temporal domain. Figure 4-25 
illustrates the filtering procedure and demonstrates the wave propagating to the left are 
removed. 
4.5.  Conclusions 
The design and construction of a PhS-OCT system is presented, according to the 
requirements for OCT shear wave imaging. The essential techniques that is developed 
for producing and optimizing the wave field images is also given in this chapter. 
The PhS-OCT system is able to provide a structural imaging of up to 9 μm axial 
resolution and 5.1 μm lateral resolution, and dynamic range of 100 dB. The proposed 
protocol provides the motion detection of nanometre scale sensitivity and an ultra-high 
frame rate of up to 92 kfps. This provides a novel solution to capture the propagation 
of transient waves inside target OCT samples, with both high spatial resolution and 
high imaging frame rate, which is a necessary route for obtaining the elastography 
result with dynamic OCE. 
Another significant contribution described in this chapter is the analysis of the source 
of imaging artefact and the algorithm for compensating the artefact. With a correct 
estimation of sample refractive index, the stripe artefacts can be removed, leaving an 
accurate image of wave field snapshot. 
A technique for improving the signal-to-noise ratio in SWI results using coded wave 
excitation is also proposed. The outcome of this chapter is a technique to obtain high 
quality SWI images for OCE reconstruction in the subsequent chapter. 
It is the hoped that the theoretical analysis and methods reported in this chapter will 
help improve the accuracy of OCT motion detection techniques and advance the 
developments of a wide range of related biomedical applications. 
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5.SHEAR WAVE OCE AND 
APPLICATIONS 
5.1. Introduction 
Given the shear wave imaging acquired from PhS-OCT, this chapter takes the final 
phase of this study: development of OCE algorithm and OCE application. 
In This Chapter 
 Implementation of elastogram reconstruction methods are introduced, including 
time-of-flight method and wave inversion method, providing the algorithm to 
obtain localized shear modulus from shear wave propagation data. 
 OCE experiments on TMM phantoms, to validate the effectiveness and accuracy 
of SW-OCE. Different technique of wave generation has been tested, including the 
contact mechanical stimulation, acoustic radiation force impulse, and pulsed laser. 
 Effectiveness of pulse compression technique on improving OCE result accuracy 
is tested. 
 OCE experiments are carried on mouse tissue: in vitro Thiel mouse skin and in 
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vivo mouse cornea are measured for elasticity map. 
5.2. Elastogram reconstruction 
Shear wave speed is directly related to the linear elastic modulus of gels and soft tissues 
in which the Poisson’s ratio approaches 0.5. For these materials, an incompressible 
elastic model can be assumed in which the shear modulus () is simply proportional 
to the modulus of linear elasticity, i.e., the Young’s modulus E, according to the 
expression E=3. Measurement of either the Young’s modulus, as in static 
elastography reconstruction routines, or the shear modulus fully characterizes the 
linear elastic properties of soft tissue. Consequently, reconstruction of the shear 
modulus from shear wave measurements can fully characterize the linear elastic 
properties of the soft tissue sample under study.  
As shear wave elastography is based on the estimation of localized shear wave velocity, 
the shear wave speed estimation is a critical process in the elastogram reconstruction. 
5.2.1. Time-of-flight method 
For a locally homogenous medium (i.e. spatial variations of elastic properties occur on 
a larger scale than the shear wavelength), a shear wave at a specified frequency would 
travel with constant speed, i.e. the phase delay Δφ and distance along a wave path Δr 
is linear; thus, 
  
ωΔ
ω
Δφ
S
r
C    [5.1] 
Experimentally, the shear wave speed can be calculated using measurements of Δφ and 
Δr , i.e. the phase shift and distance that the wave traces at a specific location produce 
an estimate of the shear wave speed according to Eq. [5.1]. 
A number of points along a line can be used to specify the propagation path. The 
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displacement waveforms at these points are then analysed, generating a series of phase 
delays as a function of corresponding position offsets. Linear fitting to these phase 
delays produces the shear wave velocity according to Eq.[5.1]. 
Furthermore, to extend the speed estimation to 2-D mapping, a shear wave speed 
estimation procedure can be repeated for each target pixel, where the corresponding 
shear wave speed was determined on two reference pixels: By comparing the time-
dependent axial displacement between the two reference pixels, the time taken for the 
shear wave to travel between them could be estimated, and taken as the local shear 
wave speed at the target pixel. As shown in Figure 5-1, the process of shear wave speed 
estimation is illustrated. 
 
Figure 5-1 Shear wave speed estimation with time-of-flight cross correlation 
(a) The B-scan image around the target pixel, two surrounding pixels (red and blue) 
that is 3 pixels away from the target pixel at the same depth are considered. (b) 
Time-dependent axial displacement at the two reference pixels, after interpolation. 
(c) The correlation of the two waveforms, indicating the delay time, and thereby 
the speed. 
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The waveforms on two reference pixels, which are a few (typically 3~6) pixels away 
from the target pixel at the same depth, are plotted in Figure 5-1(b), forming a kernel. 
The shear wave estimation is performed in this “kernel”. The shear wave propagating 
from left to right would rich one of these two reference pixel (red) first. These axial 
displacement waveforms are interpolated by a factor of 5 using cubic interpolation to 
increase the temporal resolution of correlation. The two interpolated axial velocity 
functions were windowed with a symmetric Hanning window in order to reduce the 
effects of discontinuities at the first and last frames. Figure 5-1(c) shows the resulting 
cross-correlation of the two waveforms, for computational efficiency, only delays that 
would result in shear wave speeds above 0.6m/s were considered in the cross 
correlation. The delay that yielded the largest cross-correlation was considered as the 
propagation time between the reference points, denoted as Δt. For each pixel, this 
estimation process can be repeated for a few times, with a different reference distance 
(kernel size). The flowchart of this process is given in Figure 5-2. This process is 
repeated for each pixel in the B-frame, then forming a wave velocity map. 
 
Figure 5-2 Flowchart of the speed estimation algorithm for a single pixel in 2-D 
shear wave velocity mapping. 
5.2.2. Wave inversion method 
To reconstruct the shear modulus map from shear wave processing, an inverse 
algorithm is needed. As the localized displacement field ( u ) within the sample is 
captured, not only can the localized wave velocity be extracted at the specified wave 
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path using the method described above, but also the wave velocity map can be 
reconstructed by solving the wave propagation equation[111, 116]: 
 
2
2
2
 
t
u
u 

 

  [5.2] 
This is a Helmholtz equation assuming that the medium is locally homogeneous and 
isotropic. Here μ  is the shear modulus, and ρ  is the density. By transforming the 
displacement vector ?⃗?  into its three components, Eq.[5.2] takes the form: 
  
2 2 2 2
2 2 2 2
 , , ,i i i i
u u u u
i x y z
t x y z


    
    
    
  [5.3] 
As dynamic wave data obtained from PhS-OCT represent one component of the 
displacement field along the direction of the probe beam (uz), two of the three second-
order spatial derivatives can be calculated in the imaging area (xz-plane). In the 
configuration of this study, since the out-of-plane width of the shear wave is far larger 
than the elevation thickness of the OCT imaging plane, the out-of-plane displacement 
(uy) is nearly constant over the slice thickness and variations in this displacement 
component can be ignored  in the region of interest; thus, 
 
2 2 2
2 2 2
z z zu u u
y x z
  

  
  [5.4] 
and Eq.[5.3] simplifies to: 
 
2 2 2
2 2 2
z z zu u u
t x z


   
  
   
  [5.5] 
Assuming the attenuation of acoustic waves in the frequency range of interest is small, 
the relationship between shear modulus and shear wave velocity can be simplified to: 
 
2
sV    [5.6] 
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where Vs is the shear velocity computed as the square root of the ratio between 
temporal and spatial second derivatives, which are available from the uz images 
estimated in the experiment. Multiplexing these equations, the local shear modulus is 
then reconstructed as: 
  
2
2
,
2 2
1
2 2
1
,
z
N
x z
n z z
t nT
u
t
x z
N u u
x x
 


 
 
 

  
 
  
   [5.7] 
where T is the B-frame sampling period, and N is the total frame number. The 
computational power required for this inversion algorithm is much lower than that 
needed for previous phase-resolved OCE methods. The post processing is tested on a 
standard dual-core 3.3 GHz PC, the reconstruction of the 2D spatial elasticity map 
from displacement data took ~5 seconds. 
The wave inversion method for estimating localized shear wave velocity offers the 
advantage of short computation time and no a priori assumption about shear wave 
propagation direction needs to be made when analysing a given region of dynamic 
displacement data. However, as Eq.[5.7] indicates, second-order spatial and temporal 
derivatives of displacement are required for the shear wave speed reconstruction. 
Given the noise that presents when obtaining the dynamic displacement field, 
appreciable filtering and smoothing of this displacement data must be performed 
before processing, which will certainly induce a decrease in the elastogram resolution 
and sensitivity. 
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5.3. Elastography experiment on tissue-mimicking phantoms 
Following the last chapter, where a shear wave imaging OCT (SWI-OCT) system has 
been proposed to track the shear wave propagation in OCT imaging samples, the local 
estimates of shear wave speed obtained from tracking results can image the local shear 
modulus. This shear wave optical coherence elastography (SW-OCE) method has been 
examined for its performance in a series of experiments and the results were discussed 
in this section. 
A few types of tissue mimicking phantoms are made, which are designed to present an 
elasticity variation in axial and transverse directions. Three types of mechanical wave 
generation methods were also tested, including the direct, easy achievable contact 
mechanical stimulation, the remote, acoustic radiation force impulse stimulation, and 
non-contact, laser pulse based shear wave generation. The experiment set up for each 
type of wave stimulation are briefly introduced, thereafter results of shear wave 
imaging are presented, and analysed for shear wave propagation, providing SW-OCE 
results of phantom inclusion dimensions and shear modulus. The OCE results are 
compared with practical expectations of stiff inclusion boundary locations and 
literature values of shear modulus, to calibrate and assess the accuracy of SW-OCE 
technique. The results presented in this section are published in a journal paper [J-2]. 
5.3.1. Mechanically induced shear wave OCE 
Experimental arrangements 
Figure 5-3 shows a schematic of the system used to generate and detect induced shear 
waves. It includes: (a) a piezoelectric actuator and driving system to generate 
mechanical waves propagating within the sample, and (b) a PhS-OCT system to detect 
and record mechanical displacements. 
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Figure 5-3 Schematic of system for SWI-OCT for mechanically induced shear 
waves 
A low-voltage, stacked piezoelectric actuator (Thorlabs, Newton, USA) was used to 
induce a displacement of 15 μm at a maximum input voltage of 100 V. The external 
mechanical load is a six-cycle tone-burst at 5 kHz. This quasi-continuous wave 
provides higher signal-to-noise ratio (SNR) for the specified frequency compared to 
that of a broadband stimulus of the same magnitude. During experiments, the 
maximum actuator displacement was restricted to 5 μm, with the typical wave 
amplitude within the specimen less than 3 μm. With such small strain magnitude, the 
tissue-like specimen can be considered linear, thus avoiding the complexity of 
potential elastic non-linearities within soft tissue. A power amplifier (AE Techron, 
Elkhart, USA) with a controllable voltage gain was used to optimally drive the 
actuator’s capacitance. 
A slender stainless steel rod with a small polished tip was fixed to the actuator as the 
contact to the sample. The tip was in a wedge-shape with a width of 1.7mm, so that 
the waves generated by this tip is considered as planar waves since this width is much 
larger than the wavelength. The actuator assembly was then mounted to a precision 
positioning stage, enabling precise advancement of the actuator-tip to gently contact 
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the specimen at the side (see Figure 5-3). The contact between the specimen and the 
actuator-tip was also visualized in real-time by the OCT system (see below in Figure 
5-4), which helped ensure consistent stimulation conditions for all measurements. 
Phantom preparations 
Agar is an easily accessible material that can be used to produce tissue phantoms with 
controllable mechanical properties similar to those of human soft tissue[154]. By 
increasing agar concentration, we prepared a series of agar-agar phantoms to mimic 
the Young’s modulus (shear modulus) in soft tissue such as within the anterior segment 
of the eye. To produce these phantoms, the proper amount of agar-agar powder (Fisher 
Scientific Inc., USA) was stirred into boiling distilled water until completely dissolved. 
Before casting into an 8 mm high, 50 mm diameter petri dish, a few drops of milk were 
added as scattering particles to facilitate OCT detection. We made the specimens with 
agar-agar concentrations between 0.5% - 2% (W/V), producing phantoms that could 
be easily handled mechanically for the studies presented below. 
Results 
Shear wave imaging experiments were performed on a series of tissue-mimicking 
phantoms with agar-agar concentrations of 0.5%, 0.75%, 1%, 1.5%, and 2% (W/V), 
respectively. Guided by real-time structural images provided by PhS-OCT, the 
phantom was advanced by a translation stage so that the actuator-tip was mechanically 
coupled to the phantom surface at the side (See Figure 5-3). One typical image of the 
displacement field, overlaid onto the structural image of the phantom, is presented in 
Figure 5-4. 
With the stimulation source generating a 5 kHz mechanical wave, shear wave phase 
images from the different agar-agar phantoms showed wave patterns of varying 
wavelength. Typical patterns from four phantoms are shown in Figure 5-5(a-d). 
Differences in wavelength are clearly distinguishable between each specimen, 
demonstrating differences in wave velocities, thus the stiffness. We note that because 
free boundaries are very close to the shear wave source, induced mechanical waves are 
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most likely Rayleigh-like with mixed longitudinal and shear components. For this 
geometry, the estimated propagation speed is closer to that of Rayleigh waves. As 
Rayleigh waves exhibit slower propagation speeds than bulk shear waves, the simple 
analysis presented above for bulk shear waves likely underestimates the shear wave 
speed by about 5%. However, this estimate can be used to compare relative values of 
shear modulus between different materials.  
 
Figure 5-4 Displacement field overlaid onto structural image of a homogenous 
phantom 
To calculate the shear wave velocity in the phantom with the time-of-flight method, a 
wave propagation path with a known direction needs to be defined. The target shear 
wave paths are selected near the sample surface and about one wave length in depth, 
where the wave propagation direction is nearly horizontal. For every pixel on this wave 
path, temporal displacement data are taken for analysis. As an example, wave traces 
on the path shown in Figure 5-4 are plotted in Figure 5-5(e). By calculating the phases 
at 5 kHz frequency of each wave trace, the phase delay versus offset distance from the 
first point is shown in Figure 5-5(f). The slope, Δ𝑟/Δφ  resulted from linear fitting is 
then calculated to solve Eq.[5.1] for wave velocity Cs.  
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Figure 5-5 (a-d) Wave propagation pattern in agar phantoms with agar 
concentration: (a) 0.5%, (b) 0.75, (c) 1% and (d) 2%, respectively. (e) Wave traces 
along the specified wave propagation path shown in Figure 5-4 as ‘Px’. (f) 
Linear fitting of the phase delays vs. position offsets from the first point. 
Figure 5-6 shows the reconstructed shear modulus map for an agar phantom with 0.5% 
agar concentration. The shear modulus map (color scale) is superimposed on the B-
scan (gray scale). The shear modulus is displayed wherever the correlation coefficient 
of the linear fitting is greater than 0.99. The median shear wave speed across the 
imaging plane is estimated to be 1.8 ± 0.5 m/s, corresponding to a shear modulus of 
3.28 ± 1.77 kPa. 
(a) 
(e) 
(f) 
(b) 
(c) 
(d) 
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Figure 5-6 Shear modulus map of a 0.5% agar phantom reconstructed using SW-
OCE 
In Figure 5-7 measured shear wave velocities in agar-agar phantoms are presented, 
along with results extracted from prior literature[154]. Note that the prior method used 
magnetic resonance elastography to estimate shear wave speed at an excitation 
frequency of 400 Hz for the results presented in Figure 5-7. We performed repeated 
measurements on each specimen (n=5) to provide a conservative estimate of standard 
deviations (SDs), as shown by the error bars in this figure. 
 
Figure 5-7 Measurement results of shear wave velocity in agar phantom 
The measured shear wave velocities generally agreed well with literature values: the 
deviation is smaller than 6% of the shear wave speed for the different agar 
concentrations. This value is comparable to the standard deviation of the experimental 
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measurements, which is ~5% of the shear wave speed. The consistent underestimation 
also can be a result of measuring the velocity within about one wavelength of a free 
surface where Rayleigh wave effects tend to reduce the apparent wave velocity. In any 
event, the results presented in Figure 5-7 are very precise (i.e., small measurement 
errors) and match well with literature values for shear wave speed in similar agar gels. 
In Figure 5-8, the structural image of an agar phantom with a cylindrical inclusion is 
presented. The inclusion was ~500 μm in diameter and made of 1% agar solution, 
while the background was made of 0.5% agar. In the B-mode OCT image (Figure 5-8), 
the boundary of the hard inclusion is barely visible, as indicated by the dotted line. 
However, the stimulation tip attached to the left side of the tissue-mimicking phantom 
is clearly visible. 
 
Figure 5-8 B-mode structural image of agar phantom with inclusion 
After processing M-B scan data, the B-frame sequence of displacement maps was 
generated, i.e., full wave propagation data. Typical phase frames are presented in 
Figure 5-9(a-d) at different time points, where propagation of shear waves can be 
observed.  
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Figure 5-9 Displacement field snapshots at a evenly sampled time points 
(a) T=2Ts, (b) t=4Ts, (c) t=6Ts, (d) t=8Ts, (Ts = sampling period, 23.4 μs) 
A major benefit of directly visualizing these wave patterns is that the wave propagation 
direction at specific locations can be easily identified as the normal to the displacement 
front. This facilitates the extraction of shear wave velocity using the time-of-flight 
method. Two propagation paths were selected, as shown in Figure 5-8, each containing 
20 wave traces. For each path, time-of-flight method is used to estimate the wave 
velocity, as shown in Figure 5-10(a). The shear wave velocity was calculated by linear 
fitting to these curves, yielding 1.71 m/s and 4.13 m/s in path 1 and 2 (Figure 5-8), 
respectively. These results are in good agreement with the wave speeds found in 
equivalent gels (c.f. Figure 5-7). By substituting these values in Eq.[3.15], the shear 
moduli in these two regions are 2.92 kPa and 17.06 kPa, respectively. Note that these 
two paths are located respectively in the hard inclusion and soft background. 
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Figure 5-10 (a) Linear fitting of phase delays vs. position offsets for two selected 
wave propagation paths. (b) Quantitative map of shear modulus (μ) computed 
from dynamic shear wave visualization 
To obtain a quantitative shear modulus map in the measured phantom, we applied the 
reconstruction algorithm to all spatial-temporal wave propagation data. The result is 
shown in Figure 5-10(b) with the shear modulus color-coded and overlaid onto the 
grey-scale structural image using precisely the same display dynamic range as that of 
Figure 5-6. In the region near the contact with the stimulation tip, the shear modulus 
value is not accurate because the simple wave equation of Eq.[5.5] is not applicable in 
the immediate source region. Overall, this image clearly demonstrates the capability 
of the current approach to differentiate stiffness within mechanically heterogeneous 
tissue. The position and shape of the inclusion are clearly visible, with the boundary 
matched well with its expected location. The lateral resolution of the shear modulus 
map is affected by two main factors. First, the linear fitting of the phase delay curve is 
performed over ~500 µm. Second, the shear wave can be diffracted by the inclusion. 
By comparing shear modulus values with the time-of-flight method, consistency is 
maintained in both the stiff lesion region (~ 17 kPa) and the homogenous background 
(~ 3 kPa). 
Discussion 
The shear wave OCE technique combining acoustic biomechanical analysis and 
remote PhS-OCT measurement of dynamic displacement fields were employed. . 
Using the time-of-flight method, i.e., analyzing phase delays vs. distance travelled by 
the dynamic wave, the shear wave velocity in the specimen can be calculated to 
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provide quantification of the shear modulus. Through simple algebraic inversion of the 
wave equation, we have shown that tissue elasticity can be successfully mapped. 
Shear wave imaging offers a new way to measure the localized shear modulus, while 
OCT provides a complementary structural image of the same tissue. The ability to 
measure the localized shear modulus in conjunction with morphology at high 
resolution has significant advantages over conventional ultrasound or MRI methods 
for those applications where OCT represents an appropriate imaging modality. 
5.3.2. Ultrasonically induced shear wave OCE 
Experimental arrangement 
The sample is illuminated from the top while the US transducer is placed at the bottom. 
The US transducer was mounted on two linear translation stages so that the shear 
source could be swept across the sample. Echographic coupling gel was placed at the 
bottom of the sample to enable US propagation as well as at the top of the sample to 
avoid strong US reflection at the sample surface. The US transducer was accurately 
positioned by emitting low-energy US bursts and by visualizing in real-time OCT the 
resulting phase changes to detect and localize the US waves. 
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Figure 5-11 Experimental setup for shear wave elastography combining a PhS-
OCT system with US radiation force 
The layer of echographic gel placed at the top of the phantom also helps to reduce 
surface artifacts in the OCT imaging. Surface ripple artifacts can indeed occur due to 
the refractive index difference at the air-sample interface when the interface moves 
axially, as described in [18]. In addition, an echographic gel layer with a thin cover 
glass is applied on the phantom top surface to ensure a complete removal of that artifact. 
The experiments were carried on agar phantoms, different agar concentrations provide 
a range of phantom stiffness. Latex nanospheres (0.3 µm diameter, 10% weight/weight 
solution, Duke Scientific Corporation, Palo Alto, CA, USA) were added to the 
phantoms as optical scatterers, providing sufficient backscattered signal to reach a 
2 mm imaging depth. 
Results 
Axial displacements induced by US radiation force and detected by PhS-OCT in a 
homogeneous agar phantom are displayed in Figure 5-12(a) for different instants, 
showing the propagation of the shear wave front. As shown in Figure 5-12(b), 
measured displacements have an amplitude of 0.6 µm close to the shear source and a 
wide spectrum ranging from 200 Hz to a few kHz. The shear wave has a spatial 
resolution of ~1 mm (one shear wavelength). The axial displacements were detected 
with a signal-to-noise ratio of ~21 dB. For this acquisition, the lateral and axial 
resolution of the OCT image were respectively 58.5 µm and 4.15 µm. 
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Figure 5-12 Shear wave imaging results of ultrasonically induced shear waves 
(a) Snapshots of shear wave propagation at different time steps (the US emission 
starts at t = 0 ms and lasts 0.1 ms) in a homogeneous agar phantom. The black 
arrow indicates the lateral position of the US beam. (b) Temporal profile (top) and 
spectral content (bottom) of the displacement field averaged over the sample 
depth at different lateral positions. 
Figure 5-13 illustrates the shear modulus map reconstructed for a 0.5% agar phantom. 
Correlations are performed in the spatio-temporal plane (Figure 5-13a), leading to the 
shear wave propagation speed that is then converted to the shear modulus using [3.15]. 
The dashed line in Figure 5-13(a) and Figure 5-13(b) delineates the near field of the 
shear source (distance smaller than a shear wavelength) where shear modulus 
estimation is biased by the coexistence of longitudinal, transverse and coupling modes. 
A threshold is applied on the shear modulus display: only correlations with a 
coefficient above 0.9 are considered. 
Repeated measurements (N = 5) were carried on a 0.5% agar phantom. For each 
measurement, the spatial heterogeneity of the shear modulus map was found to be 
smaller than 10% of the shear modulus. The shear modulus was estimated to be 5.5 ± 
0.3 kPa (median value ± inter-experiments deviation). 
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Figure 5-13 Shear wave speed estimation and elastogram reconstruction on SWI 
result 
(a) Spatial-temporal representation of axial displacements at a given depth. The 
correlation of two rows distant from dx gives the travel time dt yielding the local 
shear wave speed Cs=dx/dt. (b) Reconstructed shear modulus map (colour scale) 
of a homogeneous 0.5% agar phantom superimposed on the B-mode image (grey 
scale). In both figures, the black arrow indicates the lateral position of the US beam 
and the dash line delineates the near field of the shear wave. 
 
Figure 5-14 Results obtained on a bi-layered phantom in ARF-SW-OCE 
(a) Partial shear modulus maps reconstructed from shear waves generated at 
different locations. Shear modulus maps (color scale) are superimposed on the B-
mode image (gray scale). The black arrows indicate the lateral position of the US 
beam. (b) B-mode image of the phantom, made of a 1%-agar top-layer and a 2%-
agar bottom-layer. The dash line delineates the boundary between both layers. (c) 
Shear modulus map obtained from the combination of the partial maps shown in 
(a). 
Shear Wave OCE and Applications 
Page | 127 
 
The case of a heterogeneous, bi-layered, phantom is then considered as the specimen. 
The top and bottom layers were respectively made from a 1% and 2%-agar solution. 
For this experiment, the lateral and axial resolution of the OCT image were 
respectively 23.4 µm and 4.15 µm. The thickness of the top layer is about 0.5 mm. 
Figure 5-14 shows a B-mode image of the phantom. The dash line delineates the 
boundary between both layers. The US beam was placed at three different lateral 
locations and each of the corresponding acquisitions yield a partial shear modulus map 
(Figure 5-14a-Figure 5-14c). The partial maps were then recombined to reconstruct a 
shear modulus map across the whole imaging plane (Figure 5-14e). A weight based on 
the correlation coefficient was applied for the recombination. The shear modulus was 
estimated to be 13.1 ± 0.1 kPa for the top layer and 16.6 ± 0.4 kPa for the bottom layer 
(median value ± spatial variance). One should note that the soft region (red) of the 
elastic map extends below the top layer boundary, due to a limited axial resolution of 
the shear wave. However, the shear modulus map is able to clearly identify the elastic 
heterogeneity whereas the B-mode image does not exhibit any significant contrast. 
Besides, the B-mode images acquired simultaneously to the US emission exhibit a 
low-intensity region corresponding to the US beam location (Figure 5-14a-Figure 
5-14c). 
Discussion 
In the tests described above, the feasibility of combining US radiation force and PhS-
OCT to perform non-contact shear wave elastography measurements and obtain cross-
sectional maps of the shear modulus of tissue-mimicking phantoms are demonstrated. 
The use of a US radiation force is a great improvement to previous systems using a 
mechanical actuator primarily because shear waves can be generated efficiently at 
depth. This could be particularly valuable to characterize the elasticity of the peripheral 
vasculature or the intraocular lens where contact shear sources cannot be applied. In 
addition, it provides good reproducibility compared to mechanical actuation which can 
be biased by contact issues. In this experimental configuration, the obtained shear 
wave are ~1 kHz in central frequency, leading to a millimetre lateral resolution of the 
shear modulus map in soft tissues that have a typical shear wave speed of a few metres 
per second. The shear wave central frequency (and thus the lateral resolution) can be 
Shear Wave OCE and Applications 
Page | 128 
 
increased by varying the US emission central frequency or duration. The pulse 
compression technique can also be used to elevate the spatial resolution. 
5.3.3. Pulse compression optimized SW-OCE 
As introduced in Chapter 4.4.3, chirp compression is an effective algorithm to elevate 
the SNR of detected shear wave signal, with the objective of improving the 
reconstruction of shear wave velocity map.  
The pulse compression algorithm has been applied to both mechanically induced shear 
waves and ultrasonically induced shear wave imaging. The performance of this pulse 
compression scheme is evaluated by comparing the results to those from 
monochromatic excitation, the reconstructed shear modulus map is also compared and 
discussed. 
Pulse compression of mechanically induced shear wave 
Figure 5-15 shows the broadband displacement field detected in a 1%-agar phantom 
resulting from an 8-ms long chirp excitation. As illustrated by Figure 5-15(a), the shear 
wave propagates laterally (from the left to the right) with lower frequencies (i.e. larger 
wavelengths) at early times and higher frequencies (i.e. smaller wavelengths) at later 
times. The signal-to-noise ratio (SNR) was computed from the spectrum of the 
displacements at one location (Figure 5-15(b)) as the ratio between the energy 
contained in the [1 - 5] kHz range and the energy out of that range. For this example, 
the SNR was estimated to be 10.2 dB. 
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Figure 5-15 Displacement field in a 1% agar phantom resulting from a chirp 
excitation. 
(a) Axial displacements (colour scale) superimposed on the B-mode image (grey 
scale) at different instants. (b) Normalized axial displacements profile (upper) and 
spectrum (lower) at one location. 
The distortion of the displacement field at the phantom surface are probably due to 
interferences between surface waves and bulk shear waves, which propagate with 
slightly different speeds. Thus, the surface region was not considered for pulse 
compression. 
Figure 5-16 shows the result of pulse compression performed on the data shown in 
Figure 5-15. The initial displacement field has been spatially and temporally 
compressed to a short broadband pulse of 1 ms duration. The SNR was estimated to 
be 23.0 dB from the spectrum shown in Figure 5-16(b), which corresponds to a 
12.8 dB increase compared to the initial chirp. 
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Figure 5-16 Displacement field in a 1%-agar phantom after compression 
(a) Normalized axial displacements (colour scale) superimposed on the B-mode 
image (grey scale) at different instants. The white dash line delineates the region 
of interest where compression has been applied. (b) Axial displacements profile 
(upper) and spectrum (lower) at one location. 
Based on the above results, the conclusions can be made that the digital pulse 
compression is effectively implemented in OCT-based shear wave elastography 
technique. A broadband ([1 - 5] kHz) frequency-modulated mechanical excitation was 
applied to phantoms through a piezoelectric actuator. The subsequent displacement 
field was detected and recorded using a PhS-OCT system. Inverse filtering was 
performed on the recorded displacements to obtain a spatial-temporal compression of 
the initial propagating chirp into a broadband propagating pulse. Pulse propagation is 
then used to either reconstruct maps of the local shear modulus or compute dispersion 
curves. 
The pulse compression algorithm significantly improves the signal-to-noise ratio of 
detected displacements: a 12.8 dB increase has been obtained in a homogeneous agar 
phantom. PhS-OCT already has great sensitivity (nanometre scale) to detect axial 
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displacements compared to other imaging modalities such as ultrasound or MRI. 
Increasing the signal-to-noise ratio will still be valuable for in vivo applications and 
particularly for ocular tissues. 
The compressed displacement field at a given depth can also be represented in the (t,x) 
domain as displayed in Figure 5-17(a). In the (t,x) domain, the local slope of the signal 
represents the local shear wave propagation speed. Local shear wave speed values are 
converted to local shear modulus values, leading to the shear modulus map shown in 
Figure 5-17(b). For this phantom, the median shear modulus was estimated to be 4.14 
± 0.63 kPa 
 
Figure 5-17 (a) Spatial-temporal representation of the normalized axial 
displacement field at a given depth of a 0.5%-agar phantom. The x-axis represents 
the time whereas the y-axis represents the lateral position. (b) Reconstructed shear 
modulus map (colour scale) superimposed on the B-mode image (grey scale). 
The experiments are also performed on a heterogeneous phantom to investigate the 
advantages of pulse compression in a more complex medium. Figure 5-18 shows a B-
mode image of the phantom, made from a 1%-agar background and a 2%-agar 
inclusion. This structural image exhibits very low contrast between the inclusion and 
the background. 
Firstly, measurements using a 3-kHz single-frequency excitation were performed for 
comparison. Figure 5-19 depicts the displacement field detected at a given depth in the 
(t,x) domain. Distortions of the shear wavefronts can be observed on most cycles. They 
are due to interferences between the incident shear wave and reflections of the shear 
wave at the boundaries of the inclusion. 
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Figure 5-18 B-mode image of a heterogeneous phantom made from a 1%-agar 
background and 2%-agar inclusion. The white dash line delineates the inclusion. 
 
Figure 5-19 Results using a 3 kHz, 8-ms long, excitation on a 0.5%-agar phantom 
containing a 1%-agar inclusion. 
(a and b) Spatio-temporal representation of the normalized axial displacement 
field without (a) and with (b) time-gating. (c and d) Shear modulus map (color 
scale) superimposed on the B-mode image (gray scale) reconstructed without (c) 
and with (d) time-gating. 
Multi-wave superposition due to reflections can significantly affect the reconstruction, 
as shown in Figure 5-19(c): the corresponding shear modulus map exhibits strong 
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artefacts in the inclusion (unexpected soft region inside the inclusion and soft stripe 
near the right edge) as well as downstream of the inclusion (soft stripes on the right 
side of the region of interest). The median shear modulus of the expected inclusion 
region and the background estimated from this map are respectively 6.86 ± 4.26 kPa 
and 4.86 ± 1.53 kPa. 
The effects of reflected shear waves can be reduced using a time-gating method. Time-
gating selects only the earliest incident shear wavefront that is less likely to be affected 
by reflections occurring at later times (i.e., “near-ballistic propagation” Figure 5-19(b)). 
The corresponding shear modulus map is shown in Figure 5-19(d). Only minor 
artefacts have been suppressed, and the primary ones remain. This suggests that the 
first wavefront has too large of a period (0.33 ms) to avoid interfering with reflected 
waves. The median shear modulus of the expected inclusion region and the 
background estimated from this map are respectively 7.20 ± 5.11 kPa and 4.51 ± 
1.30 kPa. 
Figure 5-20 summarizes the results obtained on the heterogeneous phantom using the 
pulse compression method. Figure 5-20(a) shows displacements detected at a given 
depth resulting from chirp excitation. Note that only the first 6 ms of the 8-ms long 
signal are displayed here. Similar to the single-frequency excitation, interferences 
between the incident wave and reflected waves can be observed on the later cycles of 
the chirp. Figure 5-20(b) shows the displacement field after pulse compression. The 
initial chirp has been compressed to a main broadband pulse of about 0.21 ms width. 
Again, side lobes and distortion appear on the later cycles as a consequence of shear 
wave reflections at the boundaries of the inclusion. However, time-gating can be 
applied to isolate the earliest wavefront (Figure 5-20(c)). The corresponding shear 
modulus map is displayed in Figure 5-20(d) with the exact same color scale as that of 
Figure 5-19(c) and (d). Artefacts within the inclusion have been eliminated, allowing 
clear identification of the inclusion as a stiffer region than the background with high 
elastic contrast. The median shear modulus of the inclusion and the background are 
respectively 14.81 ± 5.12 kPa and 5.00 ± 0.79 kPa. 
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Figure 5-20 Heterogeneous phantom consisting of a 1%-agar background and a 
2%-agar inclusion. 
(a) Spatial-temporal representation of the raw normalized displacement field. (b) 
and (c) spatial-temporal representation of the displacement field after 
compression, without (b) and with (c) time-gating. (d) Shear modulus map 
reconstructed from the compressed, time-gated displacement field. 
Pulse compression of ultrasonically induced shear wave 
Acoustic radiation force induced SW-OCE adopts the benefit of remote wave 
generation in soft tissue, similar to several elastography techniques. Minimizing the 
ultrasound pressure is essential in ophthalmology for safety reasons. For this purpose, 
the pulse compression approach is proposed in ARF-SW-OCE. It utilizes coded 
ultrasound emissions to generate shear waves where the energy is spread over a long 
emission, and then numerically compressed into a short, localized, high-energy pulse. 
The experiment arrangement is similar to that described in Chapter 5.3.2. The single 
element HIFU transducer is used to apply radiation force within the sample, but with 
a coded excitation waveform, as illustrated in Figure 5-21(a), the transducer was driven 
using a coded excitation in which a 7.5-MHz sine wave is modulated in amplitude by 
a binary “chirp”, i.e. a linear frequency-swept square wave (frequency range 
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[1 – 7] kHz, duration 3 ms, duty cycle 50%). Peak-to-peak voltages between 20 and 
60 Vpp were applied, resulting in ultrasound peak pressures between 1 and 3 MPa. The 
results of the coded excitation were compared to those of a “conventional” 200-µs 
pulse (central frequency 7.5 MHz) at equivalent peak pressures. 
 
Figure 5-21 Axial displacements in a 10% gelatine phantom 
(a) Coded US emission consisting of a 7.5-MHz sine wave (grey line) modulated 
in amplitude by a linear frequency-swept square wave (black bold line, frequency 
from 1 to 7 kHz, duration 3 ms, duty cycle 50%, ultrasound peak pressure 3 MPa). 
(b) Frame-to-frame displacements sampled at 45 kHz.  (c) Corresponding 
cumulative displacements. 
The coded excitation driving the US transducer is shown in Figure 5-21(a), The 
resulting displacements detected in a 10%-gelatine phantom are a linear frequency-
swept signal, as shown in Figure 5-21(b), , with low frequencies (~1 kHz) occurring 
at early times and higher frequencies occurring at later times. For this example, the US 
peak pressure was 3 MPa (MI = 1.10). These displacements are frame-to-frame 
displacements, i.e. displacements occurring between two consecutive frames. Thus, 
they tend to represent the temporal derivative of the real displacement of the sample. 
The real displacement can be retrieved by integrating over time these frame-to-frame 
displacements. Because there is not enough dead time between each “on”-cycle of the 
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coded excitation for the sample to relax from the acoustic radiation force, the real 
displacement consists of a linear frequency-swept, low-amplitude oscillation 
superimposed on low-frequency, large amplitude motion (see Figure 5-21(c)). 
Figure 5-22 shows snapshots of shear wave propagation resulting from the coded 
excitation in a 10%-gelatine phantom, before and after applying pulse compression. 
Raw displacements (Figure 5-22(a)) are a linear frequency-swept- wave. Figure 3b 
shows the displacements obtained after applying the pulse compression algorithm to 
raw displacements (as explained in the previous section). The post compression 
displacement consists of a short, spatially-localized pulse (main lobe occurring at t~2 
ms).The secondary lobes seen at later times (t > 4 ms) are imperfections of the pulse 
compression algorithm. 
 
Figure 5-22 Snapshots of shear wave propagation induced in a 10%-gelatine 
phantom using a coded excitation at an US peak pressure of 3 MPa. 
The shear source is located on the left edge of the imaging plane. The shear wave 
propagates from left to right.  (a) Raw detected displacements. (b) Displacements 
obtained after pulse compression. 
Figure 5-23 and Figure 5-24 compare the displacements resulting from different 
excitations at respectively 3 MPa and 1.5 MPa (MI = 1.10 and 0.55, respectively). In 
these two figures, the temporal profile is displayed in the top row and the spectrum is 
displayed in the bottom row. The left column (Figure 4a and Figure 5a) is the result of 
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a 200-µs pulse. The centre column (Figure 5-23b and Figure 5-24b) shows the raw 
displacements obtained from coded excitation before pulse compression. The right 
column (Figure 5-23c and Figure 5-24c) shows displacements obtained after applying 
pulse compression. For each case, the SNR was computed from the power spectrum. 
The displacements resulting from coded excitation have the same bandwidth as the US 
driving signal (1 to 7 kHz). The 200-µs pulse generates a shear wave with a frequency 
range of [1 – 5] kHz and a SNR of 12.3 dB and 4.8 dB at US peak pressures of 3 MPa 
and 1.5 MPa respectively. A gain of ~ 30 dB is obtained using pulse compression, as 
seen in these figures. 
 
Figure 5-23 Temporal profile (top row) and spectrum (bottom row) of the 
displacements obtained in a gelatine phantom for an US peak pressure of 3 MPa 
(a) Conventional 200-µs pulse, SNR = 12.3 dB. (b) Coded excitation before pulse 
compression, SNR = 16.3 dB. (c) Coded excitation after pulse compression, SNR = 
43.0 dB. 
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Figure 5-24 Temporal profile (top row) and spectrum (bottom row) of the 
displacements obtained in a gelatine phantom for an US peak pressure of 
1.5 MPa 
(a) Conventional 200-µs pulse, SNR = 4.8 dB. (b) Coded excitation before pulse 
compression, SNR = 4.9 dB. (c) Coded excitation after pulse compression, SNR = 
34.8 dB. 
The performance of pulse compression in terms of the quality of the reconstructed 
shear wave velocity map is compared on a heterogeneous phantom. Phantom was 
made using two different gelatine concentrations: 5% gelatine for the left part, 10% 
for the right part. Both parts also contained different optical scatterer concentrations 
so that they could be identified on the B-mode from the intensity of the backscattered 
light (see Figure 5-25(a), 1.5% latex for the left part and 1% latex for the right part). 
Figure 5-25 (b) to (e) are stiffness maps: the shear wave speed is displayed in colour 
wherever the normalized correlation coefficient of the time of-flight estimate is greater 
than 0.9. The dash line delineates the boundary between both parts of the phantom, as 
determined from the B-mode image and presented as a visual indicator (dashed line) 
on the stiffness maps. A mask based on OCT signal intensity and the shear wave time-
of-flight correlation coefficient was applied to the wave speed maps, so that regions 
with low OCT signal or pixels with poor quality in time-of-flight estimate were shown 
as black. 
At an US peak pressure of 3 MPa (MI = 1.10), both conventional pulse (Figure 5-25(b)) 
Shear Wave OCE and Applications 
Page | 139 
 
and coded excitation (Figure 5-25(c)) provide a sufficiently high-SNR shear wave to 
estimate the shear wave speed at every location of the imaging plane. However, the 
pulse compression approach (Figure 5-25(c)) better delineates both parts of the 
phantom: the demarcation between soft and stiff parts closely matches the dashed line. 
Indeed, greater SNR for the shear wave produces more accurate shear wave speed 
estimates.  
At an US peak pressure of 1.5 MPa (MI = 0.55), the conventional pulse fails to 
reconstruct the shear wave speed at the bottom of the imaging plane whereas the pulse 
compression approach recovers the speed in the entire imaging area. Because of light 
attenuation, the deepest regions have the lowest sensitivity and are thus more likely to 
exhibit poor SNR. Furthermore, the 1.5-MPa conventional pulse yields artefacts at the 
left edge of the imaging plane (relatively high speed values are obtained in the soft 
part of the phantom). Such artefacts are reduced using the pulse compression approach. 
 
Figure 5-25 Reconstruction of stiffness maps in a heterogeneous phantom. 
Shear wave source was located at the right edge of the imaging plane. (a) B-mode 
image of the phantom which is made of two parts of different gelatine 
concentrations (5%-gelatine for the left part, 10%-gelatine for the right part). The 
dash line delineates the boundary between the two parts. (b – e) Shear wave speed 
maps obtained using either a conventional 200-µs pulse (b and d) or a coded 
excitation (c and e), at US peak pressure of 3 MPa (b and c) or 1.5 MPa (d and e). 
A more quantitative comparison is displayed in Figure 5-26, which shows a box plot 
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for each speed map shown in Figure 5-25 for both soft and stiff parts of the phantom. 
The dashed line corresponds to the expected mean values extracted from the literature: 
according to [155], a 5%- and 10%-gelatine phantom are expected to exhibit a shear 
wave speed of respectively 2 m/s and 4 m/s, respectively. At equivalent US peak 
pressures, the pulse compression approach provides median values that are closer to 
expected values. The values within the 25th and 75th percentiles are also more 
concentrated around the median values with the pulse compression approach. All 
experimental values are slightly higher than the expected value for the 5%-gelatine 
part. This might be caused by imperfections in phantom fabrication. 
 
Figure 5-26 Box plot of the shear wave speed values in respectively the left part 
(left) and right part (right) of the phantom. 
The central line in each box represents the median value, the box edges represent 
the 25th and 75th percentiles, the whiskers represent the extent of the data not 
considered as outliers, and the red dots represent outliers. The horizontal black 
dash line represent the expected values extracted from the literature [22]. The 
letters on the x-axis refer to the corresponding speed maps shown in Figure 6 and 
indicate different excitations: (b) 200-µs pulse at 3 MPa, (c) coded excitation at 
3 MPa, (d) 200-µs pulse at 1.5 MPa, (e) coded excitation at 1.5 MPa. 
Discussions 
In this study, the digital pulse compression algorithm is implemented with OCT based 
shear wave elastography technique. The chirp shear wave propagation were detected 
and used to obtain spatial-temporal compression of the initial propagating chirp into a 
broadband propagating pulse. 
Shear Wave OCE and Applications 
Page | 141 
 
The pulse compression technique has been demonstrated to significantly improve the 
signal-to-noise ratio of detected displacements: a 12.8 dB increase has been obtained 
in a homogeneous agar phantom. Increasing the signal-to-noise ratio will still be 
valuable for in vivo applications and particularly for ocular tissues. For instance, the 
cornea is both a stiff and fragile tissue that cannot undergo large displacements. 
The reconstruction of shear modulus map in heterogeneous samples is simplified by 
the pulse compression. The incident shear wave can indeed be reflected by the 
boundaries of elastic heterogeneities. Pulse compression enables time-gating on a 
localized (spatial and temporal) signal to isolate the incident wave from reflected 
waves. For instance, in the heterogeneous phantom presented in this study, the shear 
modulus of the inclusion estimated from the non-localized excitation (Figure 5-20) 
strongly underestimated (7.20 kPa) and has a high spatial relative variance (71% of the 
shear modulus), whereas that estimated from the pulse compression approach (Figure 
7) is much more accurate (14.81 kPa) and has a lower spatial relative variance (34% 
of the shear modulus). The shear modulus contrast between the inclusion and the 
background is much higher using the pulse compression method (50%) than using the 
single-frequency excitation (23%).  
Pulse compression approach is also applicable to ARF-SW-OCE, providing an 
opportunity to reduce ARF power needed to launch shear waves detectable by the PhS-
OCT technique. Using the pulse compression approach, an SNR gain of ~30 dB is 
obtained, compared to a conventional pulse at equivalent Mechanical Index (MI). At 
low MI, the enhanced SNR enables reconstruction of the speed map over a larger 
imaging area. This paves the way for shear wave elastography using acoustic radiation 
force with low MI. This is particularly important for ophthalmic applications, where 
the MI is limited to 0.23 (compared to 1.90 for most other organs). Greater SNR also 
provides better accuracy in the estimated shear wave speed. 
Coded excitations can shape the spectral content of the shear wave. Being able to 
generate broadband shear waves with precise bandwidth control could help assess the 
potential dispersive behaviour of the shear wave. Dispersion can be induced by tissue 
viscosity or particular propagation modes. For the case of the cornea and other thin-
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layered tissues, strong boundary conditions occur at the walls, forcing the shear wave 
into a guided propagation mode (Lamb-like waves) that affect its propagation speed 
as a function of frequency (i.e., dispersion). Several studies have investigated these 
effects [126, 128, 156] and could benefit from broad bandwidth shear waves. 
5.3.4. Pulsed laser induced shear wave OCE 
High energy nanosecond pulsed laser is an ideal source for generating shear waves for 
SW-OCE. The maximum frequency of pulsed laser induced shear waves in tissue-
mimicking phantoms can go up to 25 kHz, which is too fast for other SWI modalities 
to be captured and tracked, but will provide highly localized propagation information. 
In comparison with ultrasound, pulsed laser is less demanding in contact conditions, 
without the need of coupling medium. As the energy source is laser, it is easy to control 
the focal region, i.e. the excitation location by focusing the pulsed laser into OCT 
imaging range. Preliminary experiments of detecting pulsed laser induced shear waves 
in tissue-mimicking phantoms are carried out to explore the feasibility to combine this 
photo-acoustic technique to shear wave OCE. 
Wave generation with diode laser 
As an initial trial, a diode laser source (iFLEX-2000-660-35-T, Qioptiq GmbH, 
Germany) is utilized, featuring 660 nm wavelength, 35 mW output power. To create 
the dynamic excitation, the output of this laser source is modulated by a 3 kHz square 
wave, which is generated by the analogue output card in the OCT system. 
The optical path arrangements are illustrated in Figure 5-27. With a low numerical 
aperture lens, the excitation laser is focused onto the sample surface, a reflection mirror 
is used to avoid physical interference of excitation laser components and OCT 
components. To simulate a higher absorption of tissue, trace of Indian ink is added into 
the agar phantom. For this reason, the attenuation of OCT beam is also elevated, 
leaving limited OCT signal intensity on shallow surface. 
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Figure 5-27 Optical path for confocal diode laser excitation 
A result of shear wave imaging frames are displayed in Figure 5-28, indicating the 
propagation of one wavefront (generated by one pulse of the diode laser). As the laser 
energy is very low from the diode laser (up to 35μJ per pulse), the wave is very weak. 
The SNR of the detected waves is not sufficient for elastogram reconstruction, but the 
propagation of surface wave mode is observable. 
 
Figure 5-28 Shear wave imaging results with diode laser induced shear waves 
An analysis of the wave propagation is carried out on the surface. A wave propagation 
path is selected near to the excitation laser focal point, and a spatial-temporal wave 
plot on this selected path is presented in Figure 5-29(a), showing four cycles of waves 
generated by the diode laser pulses. The slope of the wave plot pattern indicates the 
propagation velocity, as depicted in Figure 5-29(b), based on the 3 kHz waves, a linear 
fitting is performed on the phase delay of each wave trace, and the shear wave velocity 
is calculated from the slope and lateral locations of wave traces. 
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Figure 5-29 (a) spatial-temporal wave plot on selected wave path and (b) phase 
delay fitting for calculating wave velocity 
The initial experiment using a relative low instantaneous power diode laser as a 
stimulation source is a feasibility test of laser induced SW-OCE. Benefiting from the 
high sensitivity of motion detection of PhS-OCT, even very low energy (35μJ) can be 
detected in OCT shear wave imaging, thereafter provide the measurements of elastic 
modulus.  
High energy pulsed laser 
From the above experiment using a low-energy, pulse diode laser, the conclusion can 
be made that with a low absorption and low pulse energy, the mechanical wave energy 
is not enough for SW-OCE application, the wavelength and power needs to be 
considered to provide optimum shear wave amplitude. 
A 532 nm Nd:YAG Q-switch laser (SureLight SL I-20, Continuum Lasers, CA, USA) 
is utilized as the high energy pulse laser source. In the preliminary study that aimed to 
demonstrate the feasibility of using pulsed lasers to induce the shear wave within the 
sample, we developed an epi-illumination setup where the pulsed laser and OCT 
sample beam were arranged in a confocal configuration (Figure 5-30). The 
synchronization signal was used to trigger the SWI and OCT system. 
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The repetition rate of the pulsed laser was 20 Hz with typical pulse duration of 
5 nanoseconds. In order to minimize the thermal damage, the pulse energy is limited 
to less than 20 mJ. With the above configurations, a SWI M-B scan can be completed 
in 6.5 seconds. A tissue-mimicking phantom was manufactured to simulate the 
scattering and absorption of the pulsed laser in human skin. 
 
Figure 5-30 Epi-illumination setup for pulsed laser generation of shear waves 
Results and discussions 
Figure 5-31(a) is a pulsed laser induced shear wave pulse captured by SWI-OCT. The 
maximum frequency of the shear wave goes up to 25 kHz, and the SWI-OCT delivered 
a good imaging quality of high frequency shear waves, which can be used to map shear 
wave velocity. Although he high frequency shear waves attenuates too fast to reach 
the OCT imaging boundary, the pulse laser focal point can be re-positioned to cover 
full OCT range.
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Figure 5-31 High energy pulsed laser induced shear waves captured by SWI-OCT in a skin-mimicking phantom. 
(a-d) shear waves overlapped on phantom structural image at 4 adjacent SWI frames. (e-h) Shear wave propagation images after noise-suppression. 
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5.4. Elastography experiments on animal model 
This section explores the potential of SW-OCE method in clinical applications such as 
dermatology and ophthalmology. We firstly apply the SW-OCE method to Thiel 
cadavers at different age and gender. This technique is then used on mouse cornea 
under in vivo situation. However, it is desirable that the elastography as a biomedical 
property of the tissue to be mapped, to provided direct visualisation of the tissue 
stiffness for ease of biomedical diagnosis. 
5.4.1. OCE experiments on Thiel mouse skin 
Experimental arrangements 
To bring the SW-OCE technique a step closer to in vivo clinical applications, in situ 
experiments are carried out on Thiel-embalmed mouse cadavers[30], as well as fresh 
mouse cadaver skins. The experimental arrangements and procedures follows the 
technique aforementioned in Chapter 5.3.1, that 3 kHz shear waves were launched with 
a piezoelectric actuator as an external excitation. The shear wave velocity was 
estimated from the shear wave imaging results and used to recover regional shear 
modulus map. 
The experiment specimen are 6 Thiel mice, embalmed time 12 months, age at 
embalming are 6 months, three for each gender. In the experiments, the mouse cadaver 
is placed on a petri dish, the shaker tip is gently attached to the skin surface on the 
back.  
Results 
Some typical shear wave imaging results on this skin site is given in Figure 5-32. In (a-
e), five frames of the displacement field are presented, where red and blue color 
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represents the motion towards and away from OCT imaging prove. The corresponding 
B-frame structural image is given in Figure 5-32(f), the dermis, subcutaneous fat layers 
are clearly displayed in this image. The propagation of mechanically induced shear 
waves can be observed in the SWI frames. 
 
Figure 5-32 Typical shear wave imaging results on Thiel mouse cadaver 
 (a-e) displacement field snapshots at t=6Ts, 12Ts, 18Ts, 24Ts and 30Ts, 
respectively. (Sampling period Ts = 23.5 μs) (f) Structural image 
Using the time-of-flight method, the shear wave velocity map is calculated, and then 
shear modulus maps are reconstructed accordingly, as shown in Figure 5-33. To 
compensate the guiding effect of sample geometry, the shear wave imaging data were 
re-sampled and interpolated in a manually defined region following the skin geometry. 
These elastograms are only provided in dermis layer, since the substrate layers such as 
subcutaneous fat could not present enough intensity of OCT signal, thus the 
displacement estimation is unreliable. 
The elastogram on the skin of three female mice are given in Figure 5-33(a1-a3). The 
shear modulus mean value of a central region of the elastogram (0.16 mm x 1.5 mm) 
were calculated and displayed in Figure 5-34(F1-F3), together with standard deviation 
value. Figure 5-33(b1-b3) and Figure 5-34(M1-M3) are the results on male mice skin. 
No distinct heterogeneity is visualized on these skin elastograms, and the shear 
modulus values in the same gender implied no significant difference. Comparing 
different gender, the skin from male mice are indicating significantly higher values 
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than the female mice. The OCT images have also provided a distinguishable difference 
in skin structure: the dermis layer thickness in female mice are significantly smaller 
than male mice 
 
Figure 5-33 SW-OCE results on Thiel mouse skin, shear modulus map 
overlapped on structural image 
(a1-a3) three female mouse skin shear modulus map (b1-b3) male mouse skin 
shear modulus map 
 
Figure 5-34 Averaged shear modulus results from 6 Thiel mouse cadaver, F1-F3 
and M1-M3 are the female and male mouse, respectively 
The same SW-OCE procedures are also carried out on the skin of fresh mice cadavers. 
Two mice with the same age as the Thiel embalmed mice are killed, and the SW-OCE 
measurements were carried out within half an hour of death. The OCE results of female 
and male mice skin are displayed in Figure 5-35(a) and Figure 5-35(b), respectively. 
Measurements are repeated on slightly different skin sites on the mouse back. The 
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averaged shear modulus and SD values of repeated measurements are given in Figure 
5-36. All the measured shear modulus values are noticeably lower than the Thiel mice. 
Both gender shows averaged shear modulus values of <12 kPa, about 3 times lower 
than the Thiel embalmed mice skins. The trend of lower shear modulus in female skin 
than male skin remains the same, as depicted in Figure 5-36. 
 
Figure 5-35 SW-OCE results on fresh mouse skin, shear modulus map 
overlapped on structural image. (a1, a2) female mouse (a3, a4) male mouse 
 
Figure 5-36 Averaged shear modulus from repeated measurements on fresh 
mouse cadaver 
Discussions 
In this study, mouse skin elastic property characterization were performed using SW-
OCE. The shear wave propagation were analyzed and shear modulus mapping were 
obtained in a range of Thiel mouse cadaver skin. Results revealed significant 
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difference in shear modulus and structure in compliance with gender, and images on 
fresh mouse skin are also compared. Thiel embalming technique is also proved to 
present the ability to furthest preserve the mechanical property of biological tissue. 
The experiment results suggest that SW-OCE is an effective technique for quantitative 
estimation of skin tissue biomechanical status. 
5.4.2. Shear wave OCE on cornea 
Experimental setup 
 
Figure 5-37 Experimental setup for shear wave OCE on mouse cornea 
Figure 5-37 illustrates the experimental setup that combines OCT shear wave imaging 
and a mechanical actuator for wave generation. Shear waves are induced in the cornea 
using a piezoelectric actuator (AE0505, Thorlabs, New Jersey, USA) driven by a 
function generator (Tektronix, Oregon, USA) amplified by a power amplifier (AE 
Techron, Indiana, USA). Typical voltages of ~80 V peak-to-peak were applied to 
induce micron-scale displacements of the actuator. A polished stainless steel tip was 
glued to the piezoelectric actuator and placed in contact with the sample. The tip has a 
width of 1.7 mm and thus generate quasi-planar waves. Accurate positioning of the tip 
was performed using precision translation stages and monitored with real-time OCT 
B-mode images. The tip was placed so that it touches the sample without deforming it. 
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PhS-OCT system was operated in M-B scan mode, with M-scan size of 256 A-lines, 
recorded at a same location at line rage of 47 kHz. M-scans are repeated at lateral 
locations to cover a lateral imaging range of up to 7 mm (B-scan), synchronously with 
repeated mechanical stimulation for each M-scan. M-B scan contains 128 M-scans, 
and the acquisition time is within 1 second. 
The experiments were carried on anesthetized mice. For single frequency excitation 
on in vivo mice cornea, six-cycle long, 5-kHz monochromatic mechanical tone bursts 
were applied. Two types of animals were investigated: wild type (C57BL/6) and 
BFSP-2 (CP49) knock-out homozygote mice. The knock-out mice lack a fibrillar 
protein leading to a softer intraocular lens and softer cornea[157, 158]. Mice were 
anesthetized with 2% isoflurane in 0.2L/min O2 with 0.8L/min air flow. The cornea 
was exposed upward facing the OCT imaging beam. Saline solution was applied 
periodically and topically to maintain corneal hydration. All experiments were 
approved by a local ethics committee in University of Washington during the author’s 
visiting study. 
Broadband, frequency-modulated excitations were used in the investigation on donor 
human corneas. Human corneal buttons were obtained from an eye bank (SightLife, 
Seattle, WA, USA) and stored in Optisol solution (Chiron Ophthalmics, Irvine, CA, 
USA). Experiments were performed within 48h post-mortem. The corneal button was 
mounted on an artificial anterior chamber and placed upward facing the OCT beam. 
The intraocular pressure (IOP) was monitored using a digital manometer and varied 
(from 10 to 40 mmHg) by injecting saline solution into the artificial chamber. For this 
set of experiments, the piezoelectric actuator was driven with a 3-ms long, linear-
swept-frequency signal (i.e. chirp) with frequencies ranging from 1 to 7 kHz. The 
digital pulse compression algorithm was introduced in Section 4.4.3. 
Results 
Figure 5-38 shows snapshots of a shear wave propagating in the cornea of an 
anesthetized mouse. Axial displacements with a 200-nm peak-to-peak magnitude are 
generated from the left of the imaging range and propagate transversally from left to 
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right. 
 
Figure 5-38 Snapshots of shear wave propagation in an in vivo mouse cornea 
sampled at different time points. Axial displacement amplitude is colour coded: 
red indicates the motion away from the OCT imaging probe. 
Figure 5-39 shows a comparison between a group of knock-out mice (N=4) and wild-
type mice (N=3). Figure 5-39(a) and (b) are examples of shear wave speed maps 
obtained on, respectively, a knock-out and a wild-type mouse. As expected, the cornea 
of the knock-out mouse appears softer than that of the wild-type mouse. 
 
Figure 5-39 Shear wave speed map on mice cornea (a) knock-out mouse (b) wild-
type, colour scale represents the shear wave speed and is superimposed on B-
mode OCT image. 
Figure 5-40 shows a significant difference in the shear wave speed (averaged over the 
entire cornea) between both groups: 3.92 ± 0.35 m/s and 5.04 ± 0.51 m/s for, 
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respectively, the knock-out and the wild-type mice (median value ± inter-individual 
variance). 
 
Figure 5-40 Quantitative comparison of the shear wave speed between a group of 
knock-out (N=4) and a group of wild-type (N=3) mice. 
Previously in Section 5.3.3, the advantages of using shear wave pulse compression in 
tissue-mimicking phantoms have been demonstrated. It is proved that: 1) the SNR of 
the detected shear wave was significantly enhanced; and 2) the pulse compression 
reduced reconstruction artefacts by providing a better spatial-temporal resolution than 
single frequency excitations. Here, this approach is applied to excised human corneas. 
Figure 5-41 illustrates the results obtained using pulse compression in an excised 
human cornea (31 years-old female donor) with IOP = 15 mmHg. The 3-ms long chirp 
signal is compressed into a short pulse lasting less than 500 µs. In that example, the 
pulse compression yields a 7 dB gain in SNR. 
Shear wave speed maps were reconstructed at different IOP levels using the pulse 
compression approach. Figure 5-42(a) shows shear wave speed maps of the central 3 
mm of the cornea at three different IOP levels. Figure 5-42(b) shows a significant 
variation of the corneal shear wave speed (averaged over the entire imaging region) 
with the IOP. 
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Figure 5-41 Results of frequency-modulated excitation on an excised human cornea (31 
years old female donor). Temporal profile (top row) and spectrum (bottom row) of the 
displacements at one location respectively before (a) and after (b) pulse compression. 
 
Figure 5-42 Effect of the IOP of the corneal shear wave speed assessed on an 
excised human cornea (31 years old female donor). 
(a) Shear wave speed maps (colour scale) of the central part of the cornea at 
different intraocular pressure levels superimposed on the B-mode image 
(grayscale). (b) Shear wave speed averaged over the central part of the cornea as a 
function of the intraocular pressure. 
Discussion and conclusions 
Some preliminary study on the cornea of anesthetized mice is performed, 
demonstrating the ability of PhS-OCT to perform in vivo shear wave elastography. 
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Shear wave speed maps were reconstructed for two types of mice (knockout and wild-
type) and showed a significant difference between both groups. In in vivo conditions, 
the IOP is not monitored. However, the low intra-group variability suggests that the 
inter-individual variance of the IOP is low between animals of the same group. 
Therefore, the shear wave speed difference observed between both groups is most 
likely directly related to corneal stiffness changes induced by the knock-out. 
On an ex vivo human cornea, a set of experiments were performed using frequency-
modulated rather than monochromatic excitations. Pulse compression consists in 
digitally compressing the frequency-modulated displacement field into a short, 
localized pulse while increasing the SNR. In addition, it was proved in the previous 
chapter on tissue-mimicking phantoms that retrieving a temporally-compressed pulse 
can help isolate the incident shear wave front from later occurring reflections, hence 
reducing reconstruction artefacts in heterogeneous media. Here, pulse compression 
technique is applied to the chirp excised human cornea and reconstructed shear wave 
speed maps at different IOP levels, showing significant corneal stiffening with the IOP 
increase. 
In addition, the pulse compression approach provides broadband shear waves with 
single-shot excitations. Therefore, spectroscopic analysis could be performed to assess 
dispersion (frequency-dependence of the propagation speed) and attenuation[119]. It 
could provide valuable information, particularly for the cornea, where the thin-layer 
geometry can constrain shear wave propagation to guided modes that are highly 
dispersive[128]. In such propagation modes, the shear group velocity differs from that 
in a bulk medium and measuring the dispersion curve might be necessary to 
quantitatively retrieve the shear modulus. 
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5.5. Conclusions 
In summary, the capability of SW-OCE for imaging the shear modulus is demonstrated. 
Shear wave OCE measurement were carried out with contact mechanically generated 
shear wave, acoustic radiation impulse shear wave, and laser pulse induced shear 
waves. The measured shear modulus values have reached good agreement with 
conventional compression test. 
The pulse compression technique has been demonstrated to significantly improve the 
signal-to-noise ratio of detected displacements: a 12.8 dB increase has been obtained 
in a homogeneous agar phantom, and 7.3 dB in in vivo mouse cornea. Increasing the 
signal-to-noise ratio will be valuable for in vivo applications and particularly for ocular 
tissues. 
OCE results are given for Thiel mouse skin and fresh in situ mouse skin, as well as in 
vivo mouse cornea. The ability for detecting dermis localized shear modulus has been 
demonstrated, significant difference in shear modulus have been observed between 
two genders, and between fresh skin and Thiel skin. In the cornea experiments, shear 
wave speed maps were reconstructed for two types of mice (knockout and wild-type) 
and showed a significant difference between both groups. On the ex vivo human cornea, 
a set of experiments were performed using frequency-modulated excitations, and 
reconstructed shear wave speed maps at different IOP levels, showing significant 
corneal stiffening with the IOP increase. It is hoped that this approach will lay the 
foundation for future in vivo studies of the mechanical properties of tissue 
microstructures, especially for clinical applications in ophthalmology (cornea and 
crystalline lens) and dermatology (epidermis and dermis). 
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6.CONCLUSIONS AND FUTURE WORK 
The work presented in the above chapters is summarized in this chapter. Initially this 
project aimed to develop a novel elastography technique that combines transient shear 
waves and optical coherence tomography, for the fast and quantitative elasticity 
mapping of different tissue, which can aid medical diagnosis and treatment planning 
of skin disease and ophthalmic disorders. A review of the available literature shaped 
the investigation and helped identify the research directions for new researchers in this 
field. 
Particular attention was paid to the development of OCT shear wave imaging 
technique, along with the optimization of SWI data. The investigations that followed 
therefore was focused on utilizing the shear wave dynamic propagation data for 
quantitative OCE image reconstruction. This chapter draws important conclusions 
about the relevance of the material presented and its influence on the possible direction 
of any further work. 
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6.1. Conclusions 
This is the first report that uses OCT to directly visualise shear wave propagation with 
ultra-high frame rate and the first study to provide localised shear modulus maps from 
analysing shear wave propagation with a resolution comparable to OCT.  
6.1.1. Transient mechanical waves in biological tissue 
Nearly all elastography are based on the observation of tissue response to mechanical 
stimuli. Transient elastography, which mostly deals with shear wave, surface wave and 
Lamb wave, benefits from the quantitative nature, capable of providing lateral 
comparisons and is more convenient for setting up accurate and objective diagnosis. 
The usage of shear wave, surface wave and Lamb wave in biomedical area is still 
relatively new. 
Bulk shear waves are considered the most promising wave mode to provide localised 
elastic property. Although within the imaging range of OCT, shear wave mode and 
surface wave mode are usually superposed, high frequency components of the detected 
waves are eligible to provide localised elasticity information, with subtle 
overestimation of shear modulus.   
Driven by the lack of relevant research of high-frequency shear wave in soft tissue, 
finite element models are designed and simulations are performed to study the shear 
wave behaviour in biological tissue. Contact mechanical generation and pulsed laser 
induced transient waves are simulated, and the wave propagation behaviour are 
observed, demonstrating the ability of shear waves for showing localized shear 
modulus. Furthermore, the dispersion behaviour of laser induced surface wave is also 
studied. The conclusion can be made that even though the transient waves presents 
Rayleigh wave mode, the high frequency components can still be considered as shear 
waves, since the wavelength of high frequency waves is small, and their velocity is 
dominated by local mechanical property. SW-OCE method, as one transient 
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elastography method, has the potential to quantitatively measure the localized shear 
modulus. 
6.1.2. Shear wave imaging technique 
The PhS-OCT system is able to provide structural imaging of up to 9 μm axial 
resolution and 5.1 μm lateral resolution, and dynamic range of 100 dB. The proposed 
scanning protocol provides the motion detection of nanometre scale sensitivity and an 
ultra-high frame rate of up to 92 kfps. This provides a novel solution to capture the 
propagation of transient waves inside target OCT samples, with both high spatial 
resolution and high imaging frame rate, which is necessary for obtaining the 
elastography result with dynamic OCE. 
2D-SRNCP algorithm is proved to be an effective phase-unwrapping method for SWI 
images, which helps to improve the SWI data quality, and enables the utilisation of 
large displacement amplitudes, which was further extends the applicability of OCT-
SWI. 
With the proposed OCT-SWI technique, a wave artefact is found to arise in the 
detection of mechanical waves with PhS-OCT. This motion artefact was then proved 
to be a combined product of sample surface motion and refractive index difference 
between sample and air, which cannot be neglected when imaging the displacement 
within tissue. With a priori sample refractive index, this artefact can be compensated. 
The proposed compensation method was tested in a series of experiments, and the 
effectiveness is validated. 
A technique for improving the signal-to-noise ratio in SWI results using coded wave 
excitation is also proposed. The outcome of this chapter is a technique to obtain high 
quality SWI images for OCE construction. 
6.1.3. SW-OCE towards clinical application 
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The first stage results presented in Section 5.3 covered a wide range of SW-OCE tests 
on tissue-mimicking phantoms, starting with contact mechanical stimulation, to the 
ultrasonically induced, ARFI SW-OCE. Experimental results and the expectations 
based on previous studies have demonstrated the quantitative imaging of shear 
modulus.  
Investigations were conducted to develop pulse compression technique with contact 
shear wave stimulation and ARFI shear wave. Improvements to the signal-to-noise 
ratio of detected displacements are demonstrated: a 12.8 dB increase has been obtained 
in a homogeneous agar phantom, and 7.3 dB in in vivo mouse cornea. The SNR 
improvements will also be favorable for in vivo applications and particularly for ocular 
tissues. 
SW-OCE technique is considered as a technique for examning Thiel mouse skin and 
fresh in situ mouse skin, as well as in vivo mouse cornea. The ability for detecting 
dermis localised shear modulus has been demonstrated, significant difference in shear 
modulus have been observed between two genders, and between fresh skin and Thiel 
skin. In the cornea experiments, shear wave speed maps were constructed for two types 
of mice (knockout and wild-type) and showed a significant difference between two 
gender groups. On the ex vivo human cornea, a set of experiments were performed 
using frequency-modulated excitations, and reconstructed shear wave speed maps at 
different IOP levels, showing significant corneal stiffening with IOP increase.  
Currently, in vivo studies of the mechanical properties of tissue microstructures still 
remains a technological development stage and needs to be validated clinically. It is 
hoped that SW-OCE will benefit clinical practice in ophthalmology and dermatology 
with further development and trials. 
 
6.2. Recommendations for future work 
OCT shear wave imaging 
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This thesis will contribute to the academic world by bringing the ability of SWI with 
abundant imaging speed and resolution. However, it is still of great significance to 
elevate the imaging speed for the purpose of high resolution OCE. Since the resolution 
and accuracy of shear wave imaging is dependent on shear wave wavelength, elevated 
shear wave frequency is favourable for obtaining OCE results of higher resolution: in 
order to capture the shear waves with tens of microns wavelength in soft tissue, the 
SWI device need to be operated at hundreds of kfps or even at mega-frame per second. 
In here, several methods to elevate the SWI frame rate are presented: 
1) Use parallel hardware for improving imaging speed. Parallel hardware is the 
most straight-forward method for improving OCT imaging speed[159]. This 
method will multiply the imaging speed, which will certainly lead to a very 
high cost. 
2) Adopting the same scanning protocol of this study, but with faster A-scan rate, 
which achieves higher equivalent frame rate cost-effectively. Nevertheless, this 
technique still maintains drawbacks that require repeated, synchronized 
excitations of shear waves. As a consequence, attentions must be made to the 
disadvantages of long acquisition time and potentially excessing the safety limit 
of mechanical/acoustical/optical energy load that induced into tissue. 
3) Ultra-high speed SS-OCT[160] as well as high-speed resonant scanners has 
opened up the possibility of high-speed B-scan OCT-SWI. The state-of-art top 
speed SS-OCT with 20 million A-scan per second has been reported to achieve 
14.6 kfps B-frame rate. It is foreseeable that ultra-high speed B-scan OCT-SWI 
will become feasible for SW-OCE purposes. 
Shear modulus inversion 
The model used here for image reconstruction assumed a constant propagation speed 
as a function of frequency with no propagation loss resulting from viscosity. Of course, 
both of these assumptions are not accurate for shear wave propagation in soft tissue 
over the kHz range. Both velocity dispersion and frequency dependent attenuation are 
significant. Future studies will explore frequency dependent propagation effects and 
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attempt to capture dispersion measurements as part of the shear wave imaging protocol. 
Although elastic modulus maps in these well-controlled phantoms were well 
correlated with the physical characteristics of the gels used, there were systematic 
variations in reconstructed values due to limitations in the assumed wave propagation 
model. For example, an infinite medium is assumed in which there are no reflected 
waves[161]. By definition, elastic heterogeneities produce reflected waves which are 
not captured in the simple model. Also, diffraction from a finite source has not been 
modelled. Future studies will look at ways to capture these physical effects into a more 
sophisticated propagation model leading to more robust reconstructions in highly 
heterogeneous tissue. Biological tissues can exhibit such a complex, highly 
heterogeneous, structure. A first order approximation considers different tissue types 
as effective media with an effective shear modulus that reflects both the background 
and elastic heterogeneities smaller than the shear wavelength.  
Tissue motion due to physiologic effects not correlated with induced displacements 
can limit the effectiveness of any dynamic elastography system. Many techniques have 
been proposed to minimize the influence of motion artefacts on dynamic displacement 
measurements, e.g. [162]. Given the high temporal sampling rate of the shear wave 
imaging system presented here, motion compensation algorithms should be possible. 
Future studies will also be directed toward robust algorithms minimizing the effects of 
potential motion artefacts on images of the shear wave velocity. 
Shear wave generation 
Finally, there are additional limitations on the method presented in this thesis to launch 
shear waves. Given the high sensitivity of the PhS-OCT detection system, shear wave 
generation using a non-destructive radiation source may be a feasible approach to a 
full variations of non-contact implementation. Focused UV radiation could serve as a 
photoacoustic source, which will extend the possibility of non-contact shear wave 
imaging elastography with our method.  
Following the work introduced here, further experimental studies and clinical trials 
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may be necessary for final successful applications of these methods, and to improve 
this novel elastography diagnostic technique for widespread biomedical applications.  
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